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This thesis study is focused on the synthesis of new carbon- and tin-based 
nanostructured materials for the anode of lithium ion batteries. A number of 1D, 3D 
and combined 1D and 3D lithium-active carbon and tin nanostructures were 
synthesized by facile and scalable chemical methods with a low environmental 
footprint. The products and their precursors were extensively characterized (by SEM, 
TEM, XRD, and etc), and from which plausible formation mechanisms were 
proposed. Their electrochemical performance in reversible Li-ion storage was 
evaluated and compared with that of the commonly used graphite-based anode.     
 
Topically the thesis is divided into seven chapters. Chapter 1 outlines the motivation 
and the scope of work. Chapter 2 surveys the current literature. Major findings of this 
study are discussed in Chapters 3 through 6, with conclusions and suggestions for 
further work covered in Chapter 7. The appendix contains a chapter of peripheral 
work on a family of aligned C-curved nanoarches structurally related to some of the 
materials synthesized for the thesis study, and is included for completeness sake. 
 
Chapter 3 describes a one-step synthesis of high-purity 1D carbon nanofibers with 
dome-shaped interiors. These intricately shaped carbon nanostructures were impurity 
free, and their dome-shaped interiors could be repeated with high periodicity 
throughout their length. In addition, Y-junctions and forklike carbon nanofibers with 
 VII
the same internal structure were also found among the products. Electrochemical 
measurements indicated that the carbon nanofibers could be used as the active anode 
material for lithium ion batteries, showing good cyclability. 
 
Chapter 4 reports the successful assembly of crystalline SnO2 nanoparticles into an 
ordered 3D nanostructure of hollow core–shell mesospheres by a simple, scalable, 
low cost environmentally benign procedure. This unique SnO2 nanostructure could 
store an exceedingly large amount of Li+ ions reversibly, and cycled well for a phase-
pure SnO2 anode. 
 
Chapter 5 describes a relatively simple procedure whereby a rambutan-like carbon 
and single-crystalline Sn nanocomposite may be constructed from the following 
elements: 3D Sn-loaded carbon mesospheres, 1D carbon nanotubes with completely-
filled and partially-filled Sn interiors, and 0D carbon-encapsulated Sn nanopears and 
nanoparticles. A modified “base growth” mechanism was proposed for the formation 
of such a complex nanoarchitecture. The rambutan-like carbon-tin nanocomposite 
exhibited good reversible Li+ ion storage properties, with tin remaining 
electrochemically active even after 200 cycles of charge and discharge. 
 
Chapter 6 discusses the facile fabrication of a new, double-rough chestnut-like Sn@C 
composite of nanohairs on mesospheres directly on a copper foil. The hierarchical 
order in the nanostructure imparted at least two functional properties: the lotus effect 
 VIII
and the reversible storage of lithium ions. The nanohairs on a mesospheric core have 
given rise to nano- and meso-scale roughness on the copper surface simulating the 
double-rough structure of the lotus leaves (nanohairs on microbumps), resulting in 
surface superhydrophobicity. The direct deposition of active lithium storage 
compounds (Sn, C) in a uniquely organized manner on a current conductor (Cu foil) 
has also resulted in an electrode immediately usable as a lithium ion battery anode 
without further processing. Electrochemical measurements have shown an 
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1.1. Problem Statement 
 
Rechargeable lithium ion batteries are currently the most advanced and dominant 
power sources for consumer electronic products and the electrification of vehicles in 
the near future. When compared with other rechargeable battery chemistries such as 
lead-acid, NiCd and NiMH; lithium ion batteries have the noticeable advantages of 
high cell voltage, high energy density, no memory effect, low self-discharge rate, 
reduced environmental footprint and design flexibility. Lithium ion batteries now 
account for 63% of the worldwide sales in batteries for portable devices. The global 
market for lithium ion batteries was projected to be more than 20 billions by year 
2015.(Arico et al. 2005; Bruce et al. 2008; Tarascon et al. 2001) However, the rapid 
progress in portable electronic products demands increasing performance in battery 
energy density and cycle life. For the next generation of rechargeable lithium ion 
batteries to be successfully adopted beyond consumer electronics, e,g. in electric 
vehicles, space exploration, and buffering the fluctuating energy supply from 
renewable resources such as solar and wind, a substantial improvement of the current 
lithium-ion battery performance is required. The continuing and increasing interest in 
lithium ion battery research carried out in both the academia and the industry is 
solidly founded on such needs.  
Introduction 
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 The performance of a lithium ion battery is strongly dependent on four material 
components, namely the negative electrode (anode), the positive electrode (cathode), 
the electrolyte and the separator. LiCoO2 is still the most commonly used cathode 
material in the current design of lithium ion batteries, although LiFePO4 appears to be 
a promising substitute for LiCoO2 in the years to come. Carbonaceous materials are 
generally used in the anode. An electrolyte with good stability in the desired 
operating environment and the potential range determined by the cathode and anode 
materials is then selected. It is known that the three most important performance 
indicators of lithium ion batteries, namely cyclability, safety and charging rate, are 
strongly dependent on the selection of the anode materials. (Arico et al. 2005; Bruce 
et al. 2008; Tarascon et al. 2001) Anode materials are also more amenable to 
chemical modifications to improve their lithium storage capacity and other material 
properties important to battery operations. In principle a high capacity anode material 
could free up valuable internal cell volume to be used by the cathode, which is often 
of a lower capacity. The selection and careful design of the anode materials are 
important to the continuing advances in the lithium ion battery technology. In fact, 
the very successful launch of the first generation lithium ion batteries by Sony in 
1991 was the result of the discovery of the carbonaceous anode.  
 
For anode materials, most of the efforts in the last decade were focused on the 
synthesis of nanostructured carbon and non-carbon materials with high energy 





1D carbon nanotubes with excellent electrical conductivities and cycling performance 
have attracted the most attention.(Baughman et al. 2002) Other carbonaceous 
materials such as carbon beads, carbon fibers and porous carbon have also been 
explored.(Ji et al. 2009; Yoshio et al. 2003) For non-carbon anode materials, the most 
noticeable candidate is metallic tin, which has a theoretical specific capacity much 
higher than that of carbon (Sn: 992 mAhg-1 with stoichiometry of Li4.4Sn; C: 372 
mAhg-1 with stoichiometry of LiC6). Unfortunately, the high specific capacities of Sn-
based anodes are compromised by their poor cyclability. The problem is caused by 
the huge changes in the material specific volume (>300%) during lithium alloying 
and de-alloying reactions, leading eventually to the cracking and crumbling of the 
electrode. The mechanical disintegration results in a loss of electrical connectivity in 
the electrode, and consequently a precipitous decline in capacity within the first few 
cycles of use.  
 
The principal challenge in using non-carbon anode materials in lithium ion batteries is 
therefore to overcome their poor cyclability problem. The most common strategy is  
nanostructuring the materials (Bruce et al. 2008) which offers more versatility and 
new opportunities in materials design. (Tarascon et al. 2001) Nanostructured 
materials with their high surface to volume ratio could improve cyclability by 
increasing the tolerance to strains from repeated lithium alloying/de-alloying. Since 
the properties of nanoscale materials are size and shape dependent, nanostructured 
materials with desirable anode performance can in principle be designed with a 
Introduction 
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greater degree of freedom than their bulk counterparts. Nanostructured materials also 
increase the electrode/electrolyte interface; resulting in increased charge and 
discharge rates of the materials, and hence the power density of the lithium ion 
batteries. At the same time one should however be mindful about the corresponding 
increase in interfacial passivation leading to increase in the first cycle irreversible 
capacity loss. A prudent materials design is therefore based on the balance of these 
opposing properties. In addition, the synthesis of lithium-active nanostructured 
materials can be a challenge especially if this is to be accomplished by facile, simple 
and scalable methods with a low environmental footprint. 
 
1.2. Objectives and Scope 
 
This Ph.D study is aimed at developing facile, simple and scalable methods of 
preparation of lithium-active carbon and tin based nanostructures as the anode 
materials of lithium ion batteries. These nanostructured materials should provide 
enhanced electrochemical performance in terms of energy storage, cycalability and 
charging rate. One of the emphases in the synthesis was the application of green 
chemistry principles to reduce the environmental impact of the preparation process.  
Efforts were placed on the design and preparation of 1D, 3D and combination of 1D 
and 3D nanomaterials; and the optimization of the synthesis conditions of interesting 





understanding of the formation mechanisms through extensive characterizations of 
the intermediate and end products of the synthesis 
 
The specific activities in this thesis project include the following:  
 
1.2.1. The development of reliable, simple, scalable and green chemistry methods 
for the preparation of new, lithium-active carbon and tin based nanostructured 
materials. Throughout this study challenges in nanostructuring were overcome 
by non-conventional fabrication methods. The scientific issues involved in 
nanostructure creation were investigated through systematic changes in the 
synthesis details and extensive characterizations of the products and their 
precursors by a combination of instrumental techniques: transmission electron 
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), electron 
diffraction (ED), and X-ray powder diffraction (XRD). 
 
1.2.2. An understanding of the formation mechanisms of these new 1D and 3D 
nanostructured materials. The proposed mechanisms not only explain the 
formation of the intricately shaped nanostructured materials synthesized here 
but are also useful to the development of a rational approach to nanostructure 
design. It is believed that some of the scientific principles underlying the 
nanostructure creation are generic and applicable to the fabrication of other 




1.2.3. An emphasis on self-assembly processes in the synthesis. For example, the 
preparation of hierarchical structured composite materials consisting of hair-
like 1D nanotubes or nanorods on 3D mesospheres. 
 
1.2.4. Evaluation of the electrochemical performance of these new nanostructures as 
potential anode materials for the lithium-ion batteries. All aspects of battery 
applications including specific capacity, rate capability, cyclability, and 
irreversible capacity loss were thoroughly examined.  
 
1.2.5. Understanding the storage mechanisms of lithium ions in these new 
nanostructured materials, especially those pertaining to cyclability issues. The 
storage mechanisms were investigated by a careful analysis of the 
electrochemical data from repetitive charging and discharging. This could lead 
to the possibility of a rational approach to designing electrodes customized for 







This chapter is divided into two sections. The first section introduces the 
technological background and the current progress in lithium ion batteries, focusing 
on the development of next generation anode materials and research trends. The 
second section provides a quick overview of the current carbonaceous anodes, a 
detailed literature survey of recent developments in Sn-based nanostructured anode 
materials, and a brief review of other related nanostructured anode materials.   
 
2.1. Lithium Ion Batteries 
 
Lithium ion batteries are currently the most advanced rechargeable batteries used in 
portable devices. The most noticeable advantage of lithium ion batteries is their high 
energy density on both the gravimetric and volumetric basis. Figure 2.1 compares the 
energy densities of different rechargeable battery chemistries, clearly outlining the 
superiority of the lithium ion batteries. (Tarascon et al. 2001) Although in principle 
rechargeable batteries based on metallic lithium can have even higher energy 
densities, the poor rechargeability of the lithium metal and the susceptibility of this 
battery chemistry to misuses and explosions are known deficiencies. Using organic 
electrolyte, lithium ion batteries could also offer a broader potential range. With 




a battery pack and associated hardware could be significantly reduced. This translates 
to enhanced reliability and further weight savings due to parts reduction. Lithium ion 
batteries are also design flexible. They can be formed into a wide variety of shapes 
and sizes to efficiently fill the available space in the devices they power. Lithium ion 
batteries do not exhibit the problem of memory effect since the active electrode 
materials do not undergo recrystallization. Lithium ion batteries have good cyclability 
and 70% of the initial charge is still available after 800 cycles of charge and discharge. 
(Zhang et al. 2000) The self-discharge rate is also very low in lithium ion batteries – a 
typical figure is 5% or less per month which compares very favorably to nickel metal 
hydride (Ni-MH) batteries (30% per month) and nickel cadmium (Ni-Cd) batteries 
(20% per month). (Tarascon et al. 2001) 
 
Figure 2.1. Comparison of energy densities of different rechargeable battery 




2.1.1 Basic Principles of Lithium Ion Batteries  
A typical lithium ion battery cell consists of a cathode (positive electrode), an anode 
(negative electrode), and an intervening electrolyte solution containing dissociated 
lithium ions. A separator is used to electronically isolate the electrodes but allows the 
exchange of lithium ions between them. Figure 2.2 illustrates the basic operating 
principle of a lithium ion battery. During discharging the two electrodes are 
connected externally by a load. The electrons released by the chemical reactions at 
the anode pass through the external load to supply the electrons required by the 
chemical reactions at the cathode. Simultaneously the lithium ions move in the same 
direction (from anode to cathode) in the electrolyte. In this way the chemical energies 
in the anode and cathode materials are electrochemically extracted to generate 
electricity. The opposite occurs during charging: electrons move from cathode to the 
anode through the external circuit and lithium ions move from cathode to the anode 
through the electrolyte. The externally supplied electrical energy is used to return the 





Figure 2.2. Basic components and operation principle of a lithium ion battery. 
 
The performance of a lithium ion battery may be measured by a number of 
parameters such as specific capacity, cyclability and the current rate. Specific 
capacity (mAh/g) measures the amount of charge that can be stored and extracted per 
unit mass of the active electrode material. Cyclability measures the reversibility of the 
charge injection and extraction processes, in terms of the number of charge and 
discharge cycles before the battery loses its charge significantly. The current rate 
measures how quickly the battery can be charged. A common terminology used to 
describe the current rate is the C-rate. By definition a material reaches its fully 
charged state in n hours when it is charged at the C/n rate. Common lithium ion 




(corresponding to C/2 to C/6 rates). The performance indicators are closely related to 
the intrinsic properties of the electrode materials.    
  
2.1.2 Development of Lithium Ion Batteries  
After Sony commercialized lithium ion batteries with carbonaceous anodes, lithium 
ion batteries have attracted worldwide attention resulting in numerous fundamental 
and applications studies.(Arico et al. 2005; Poizot et al. 2000; Tarascon et al. 2001; 
Winter et al. 1998; Winter et al. 2004) Active research is still ongoing in all aspects 
of the battery, e.g., materials for cathodes and anodes, electrolyte, separator, and cell 
construction. 
  
The electrolyte for lithium ion batteries is normally a solution of lithium salts in 
organic solvents. It must be carefully chosen to withstand the redox environment at 
the electrodes and the voltage range of the battery without decomposition. The most 
commonly used electrolyte is 1M LiPF6 in a 50:50 w/w mixture of ethylene carbonate 
(EC) and diethyl carbonate (DEC) which is stable in the 0-5V range. The current 
trend in electrolyte research is to use a polymer electrolyte to replace the conventional 
liquid electrolyte.(Croce et al. 1998). The separator electrically isolates the two 
electrodes. It is usually a porous polypropylene membrane loaded with the electrolyte. 
Lithium ion batteries are design flexible and can be fabricated as cylindrical cells coin 
cells, prismatic cells and other configurations. The detailed mechanical design, 




important to the safety and usability of the battery. There is no lack of innovativeness 
in these areas. 
 
The most important components of a lithium ion battery are of course the active 
electrode materials. For cathodes, layered lithium metal oxides (e.g., LiCoO2, 
LiNiO2) and three dimensional spinels (e.g., LiMnO4) are the most studied cathode 
materials for lithium ion batteries. LiCoO2 is the most successful commercially 
because of its good cycle life (>500cycles). The main disadvantages of cobalt-based 
batteries are their high material cost and the toxicity of cobalt. Compared to the 
LiCoO2 cathode, LiNiO2 has poorer cyclability and some known safety issues. While 
the cost of production for LiMnO4 is low, the spinel has low specific capacity and it is 
not as stable. There is increasing interest in using LiFePO4 as a cathode material 
because of its low cost and low environmental impact. However, the poor electronic 
conductivity of LiFePO4 has to be resolved first.(Chung et al. 2002) 
 
The anode materials are equally extensively studied. The cyclability and charging rate 
of lithium ion batteries are known to depend strongly on the anode materials. 
Compared to cathode materials, anode materials have greater latitude for 
improvement. Since the first commercialization of carbonaceous anodes by Sony in 
1991, carbon is still ubiquitous in commercial lithium ion batteries today. Graphitic 
carbon, in particular, can facilitate the movement of lithium ions in and out of its 




(Megahed et al. 1994) However, the carbon anodes are approaching the theoretical 
maximum capacity. Carbon alternatives with higher energy densities are required to 
meet the demands for increasing energy and power densities. FujiFilm Corporation 
introduced (albeit unsuccessfully) tin composite oxide (TCO) as a carbon alternative 
in 1997.(Idota et al. 1997) Recently Sony announced a new generation of lithium ion 
batteries with the trade name of Nexelion which is based on an undisclosed carbon–
tin–transition metal composite (e.g. Sn–Co–C). Although the exact composition of 
the lithium storage compound is not known, this successful effort has rekindled 
another wave of interest in lithium ion storage anode materials which continues even 
as of today.(Inoue 2006) The research community responded with high enthusiasm, 
resulting in a large volume of work on tin-based anodes that is still being pursed 
today. Besides Sn, other elements that are known to alloy with lithium, such as Si and 
Mo, are also good lithium storage compounds. These elements could alloy and de-
alloy with lithium electrochemically at room temperature. However the 
alloying/dealloying process during charging/discharging is accompanied by 
substantial changes in the specific volume of the material and the induced mechanical 
stress could lead to the destruction of the crystal structure within a few cycles. The 
resulting poor cyclability has significantly limited their usability in practical 
situations. The engineering approach to solving the poor cyclability problem is to 
introduce a compositing component. In such a composite material, one component 
(usually carbon) functions as a stress reliever while the other (such as silicon, tin) 




than carbon and cyclability better than Sn or Si may be possible if it is properly 
designed. A number of combinations involving carbon have been explored, among 
them Si/C (Dimov et al. 2007) and Sn/C (Winter et al. 1999) have attracted the most 
interest. 
 
Research on lithium ion electrode materials has progressively shifted from bulk 
materials to nanostructured materials because of the promising aspect of size and 
shape tunable properties of nanomaterials. (Arico et al. 2005; Nam et al. 2006; Poizot 
et al. 2000; Winter et al. 1998) In terms of morphology, 1D, 2D and 3D 
nanostructured materials have all been suggested for anode applications.(Nam et al. 
2006; Wang et al. 2005b) 1D carbon nanotubes (CNTs), in particular, can be a good 
lithium host on grounds of their excellent electronic conductivity and other properties 
associated with their one dimensionality.(Baughman et al. 2002; Che et al. 1998) 
However, current interest is focused more on CNT-based nanocomposite.(Kumar et 
al. 2004; Wang et al. 2006c) A most interesting recent discovery arising from a 
multidisciplinary effort is the use of virus-enabled synthesized gold-cobalt oxide 
nanowires as the anode.(Nam et al. 2006) A more detailed literature review of 
nanostructured anode materials for lithium ion batteries is given in the next section.  
 
2.2. Nanostructured Anode Materials  
The size and shape dependent properties of nanomaterials can bring new 




materials. Nanostructured anode materials can offer a number of advantages not 
available in their bulk counterparts. Hence nanostructuring can be used to improve 
the performance of existing active materials without the need to invent new battery 
chemistries. The section begins with the discussion of nanostructured carbonaceous 
anodes followed by a survey of primarily the Sn-based nanostructures.  
 
2.2.1 Carbonaceous Materials 
Carbon is the most common anode material for commercial lithium ion batteries. The 
insertion of lithium ions into carbon may be by the following equation: 
 
xLi+ + xe-1 + nC Æ LixCn    (1) 
The extraction of lithium ions is the reverse reaction of (1). The forms of carbon 
determine the value of n in equation (1). For instance n is equal to 6 when lithium 
ions are fully incorporated within the perfectly stacked graphene layers of graphitic 
carbon. The extent to which carbon can store the lithium ions determines the specific 
capacity. The maximum theoretical specific capacity for graphite is therefore 372 
mAhg-1 based on the LiC6 stoichiometry. 
 
Both graphitic and non-graphitic (disordered) carbons are capable of reversible 
lithium ion storage. A perfect graphitic has theoretically an infinite layered structure. 
However, polycrystalline carbons consisting of aggregates of graphite crystallites, are 




pyrolytic graphite. A general feature of lithium insertion into graphite is the stepwise 
occupation of the graphene inter-layers at low concentrations of the lithium ions, a 
phenomenon known as stage formation.(Winter et al. 1998) Non-graphitic carbons 
consist of carbon atoms that are arranged in a planar hexagonal network without an 
extended long-range order. There are amorphous domains cross-linking the 
crystalline graphitic flakes. Presently there is still some interest in developing high 
specific capacity non-graphitic carbonaceous anode materials (x>1 in LixC6).(Bonino 
et al. 2005) Non-graphitic carbons are normally produced at temperatures between 
~500 and 1000oC using various carbon precursors. The mechanism by which the high 
specific capacity is achieved is not fully understood and various models have been 
proposed.(Dahn et al. 1995; Ebert 1996; Zheng et al. 1996) High capacity carbons 
often display rather large initial irreversibility losses and poorer cyclability relative to 
the graphitic form of carbons.  
 
In theory, lithium insertion and extraction is fully reversible on graphitic carbons. In 
practice, however, the charge consumed in the first cycle significantly exceeds the 
theoretical specific charge of 372 mAhg-1. The subsequent discharge usually could 
recover only about 80-95% of the first charge. In the second and subsequent cycles, 
the irreversible charge consumption is lower and charge recovery is close to 100%. 
The excess charge consumed in the first cycle is generally due to the formation of a 
passivating solid-electrolyte interphase (SEI) on the carbon surface. (Winter et al. 




low potentials. A poorly formed SEI would continue to grow with time, leading to the 
increase in battery internal resistance and preventing full reversibility of lithium ion 
insertion into carbon. Subsequently the energy density of the cell decreases with the 
number of charging cycles. It is also known that some organic solvents would 
promote the insertion of lithium ions together with the solvent molecules. The 
solvated intercalation is accompanied by extreme expansion of the graphite matrix 
(~150%), which gradually deconstructs the graphite structure to result in reduced 
charge storage capability.(Winter et al. 1998)  
 
2.2.2 Sn-Based Nanostructured Materials 
There has been a noticeable increase in the study of Sn-based nanostructured anode 
materials in the last decade. The most-studied Sn-based lithium ion storage compound 
is tin oxide. In its first cycle of use, tin oxide is irreversibly converted to tin according 
to equation (2) below. Subsequently, the in-situ formed tin phase could store and 
release lithium ions according to the Li-Sn alloying and de-alloying reactions shown 
by equation (3) below: 
 
SnO2 + 4Li+ + 4e- → Sn + 2Li2O   (2) 
Sn + xLi+ +xe-1 ↔ LixSn (0≤x≤4.4)   (3) 
 
The preparation of Sn-based anode materials and their electrochemical properties are 




2.2.2.1  SnO2 Nanostructured Anode Materials 
For lithium ion batteries, SnO2 has been considered as a high capacity anode material 
as early as 1997. However, its high capacity is undermined by poor cyclability in 
applications that continues to plague this material even as of today. Nanostructured 
SnO2 has been proposed as a possible solution.(Lou et al. 2006; Lou et al. 2007; 
Wang et al. 2004b; Wang et al. 2005b; Wang et al. 2006b; Wang et al. 2006c) 
Although many SnO2 based anode materials have been synthesized, it is still 
intellectually stimulating and technologically important to fabricate SnO2 in different 
nanostructures and to explore their properties in applications. The methods of 
preparation should also be kept relatively simple and scalable. Template-assisted 
methods, especially those using hard templates, offer the most direct approach to 
structure control. The formation mechanism of the product is also the easiest to 
understand. Template-free synthesis methods are however preferred as they offer 
greater simplicity and scalability in operations, although the product morphology and 
structure cannot be determined a-priori.  
 
Template-assisted synthesis is commonly used for the fabrication of high-order 
nanostructured materials because of its relatively simple principles and fabrication 
procedures (Figure 2.3). There are two operational variations depending on whether 
active or passive templates are involved. The passive template-assisted methods 
employ sacrificial templates to help the organization and aggregation of precursor 




(Figure 2.3 I). In some cases the nanoparticles could undergo further transformations 
(e.g., sintering, oxidization) during the template removal process (e.g., by calcination) 
to form products with the desired chemistry and structure (Figure 2.3 II). The 
template removal process is often aggressive, which can inflict certain level of 
damage to the organized high-order nanostructures. In the active template-assisted 
methods, the template and the dispersed nanoparticles are formed in-situ together. 
The template removal process is constructive as it helps to shape the product 
morphology, including the creation of an interior structure under the right conditions 
(Figure 2.3 III). These procedures may be run in combination or recursively to 
produce products with the desired morphology and application properties.(Lou et al. 
2007; Wang et al. 2006b)     
 
Figure 2.3. Illustration of template-assisted methods in the fabrication of hollow 
SnO2 nanostructures. N.B. spheres are used as the template geometry in the 
illustration but the principle may also be applied to other geometries such as tubes, 




The following sections provide more details of these methods with selected examples. 
 
2.2.2.1.1. Template-Assisted Fabrication  
One dimensional SnO2 nanotubes were prepared by a passive template-assisted 
method using an anodic alumina oxide (AAO) membrane as the hard template.(Wang 
et al. 2005b) Commercially available SnO2 nanoparticles were infiltrated into the 
membrane channels and calcined to a dense packaging of SnO2 nanoparticles on the 
walls of the AAO membrane. Subsequently the AAO template was removed by 
NaOH. The as-synthesized SnO2 nanotubes were uniform in diameter, polycrystalline 
with SnO2 nanoparticles as the basic building blocks. The SnO2 nanotubes showed 
substantial improvements in electrochemical performance over the unorganized 
nanoparticles. The organization of the SnO2 nanoparticle into a tubular structure was 
found to withstand the stress induced by repeated charge and discharge reactions 
better, possibly through the ability to expand and contract concentrically. In contrast, 
primary SnO2 nanoparticles without any organization pulverized severely and lost 
electrochemical activity over the same number of cycles. The specific capacity was 





   
 
Figure 2.4. The electrochemical performance of the SnO2 nanotubes prepared by the 
AAO template-assisted infiltration method. (Wang et al. 2005b) 
 
In some cases the hard template may not induce the formation of the product directly 
because of incompatibility issues with the starting materials or the template removal 
procedure may completely destroy the product. Under these situations the use of two 
or more sacrificial templates is necessary. The fabrication of polycrystalline hollow 
SnO2 spheres serves as a good example (Figure 2.5a). Here the SnO2 hollows spheres 
could not be formed on the primary template of silica spheres since the removal of the 
latter by HF also removes SnO2. To circumvent this, a secondary template of hollow 
carbon spheres was fabricated from the primary silica template. Carbon was coated 
on the silica spheres by chemical vapor deposition (CVD) using benzene as the 
carbon source at high temperatures. The silica templates were then removed by the 




and internal surfaces of the hollow carbon spheres through infiltration. Calcination in 
air at 800oC removed the hollow carbon spheres and compacted the SnO2 
nanoparticles into polycrystalline SnO2 hollow spheres (Figure 2.5b). This method of 
preparation of hollow spheres is believed to be applicable to other materials. It was 
found that the polycrystalline SnO2 hollow spheres prepared as such still experienced 
significant capacity fading. On the other hand, the intermediate SnO2 nanoparticle-
loaded hollow carbon spheres sintered at moderate temperatures showed much better 
cyclability, hinting that the compositing approach may be a more viable option for 





Figure 2.5. (a) A two-step passive template-assisted method to fabricate the desired 
hollow nanostructure. (b) FESEM images (from left to right) of silica sphere template, 
hollow carbon spheres, SnO2 nanoparticle-loaded hollow carbon spheres, and 
polycrystalline SnO2 hollow spheres. (Wang et al. 2006b) 
 
 
Other morphologies such as mesoporous SnO2 are also obtainable by using hard 
templates which are mesoporous in nature, for example cubic KIT-6 and hexagonal 




precursor and drying. After calcination, the silica template was removed by treatment 
in dilute NaOH. The as-synthesized mesoporous SnO2 showed very desirable 
electrochemical performance, which was attributed to a regular porosity which 
enables the thorough flooding of the electrolyte. The voidage in the mesopores could 
also buffer volume expansion.(Kim et al. 2008)  
 
2.2.2.1.2. Template-Free Fabrication    
Template-free fabrication can be an alternative to the preponderance of template-
assisted methods. By comparison template-free synthesis is relatively simple and 
scalable. Recently a molten salt synthesis was used to fabricate SnO2 nanorods.(Wang 
et al. 2004a) In this method, metallic tin nanoparticles were first formed by the 
chemical reduction of SnCl4 in aqueous solution in the presence of a strong 
complexing ligand, 1,10 phenanthroline. The tin nanoparticles were then mixed with 
NaCl and KCl, and calcined in air at 700oC. The resultant SnO2 nanorods were about 
15 nm in diameter and 50-100 nm in length. The 1D SnO2 nanorods with high aspect 
ratios could present advantages for enhanced lithium ion diffusion and extra storage 
of lithium ions in the space between stacks of nanorods.   
 
A more popular route to template-free fabrication of SnO2 nanostructures is 
hydrothermal synthesis. A simple fabrication procedure was reported recently. In this 
the hydrothermal treatment of potassium stannate trihydrate with the chemical 




hollow or core-shell SnO2 spherical nanostructures; depending on the experimental 
conditions (Figure 2.6). The template-free formation of hollow nanostructures was 
rationalized by Ostwald ripening. This method of preparation of SnO2 nanostructure 
is simple and scalable. Electrochemical tests indicated highly improved Li+ ions 
storage properties which could be attributed to the unique hollow nanostructure.(Lou 
et al. 2006)       
 
 
Figure 2.6. TEM images of the SnO2 nanostructures obtained by hydrothermal 
treatment of stannate with the chemical addition of urea. (Lou et al. 2006) 
 
Another interesting SnO2-based anode material is electro-spray deposited thin films 
of particles with unique porous spherical multideck-cage morphology (Figure 2.7a). 




of the deposited thin films from SnO2, to Li2O–SnO2, CuO–SnO2 and Li2O–CuO–
SnO2. All of the as-prepared thin film electrodes showed good electrochemical 
performance, especially the Li2O–CuO–SnO2 film. The reversible capacity was 
reported to be as high as 1158mAh/g (Figure 2.7b). The improved electrochemical 
performance was attributed to the unique structure and the presence of Li2O and CuO 
phases in the composite film.(Yu et al. 2007) However, there are issues of high cost 
and scalability for production since the film thickness was limited to 10-15μm.   
 
   
b
Figure 2.7. (a) SEM images of the as deposited film of nanostructured SnO2 on 
copper current collector. (b) Specific capacity vs cycle number plots of Sn-based 
multideck-cage particles films with different compositions. (Yu et al. 2007)   
 
The above examples demonstrate that a high-order SnO2 nanostructure could be used 
to deliver a higher level of performance because of morphology-enhanced properties 
and reversibility. However, the first cycle capacity loss due to the reduction of SnO2 
to Sn and SEI formation remains significant. In addition, capacity fading is still 




upper limit on size for a particular SnO2 nanostructure to show promising 
performance.(Kim et al. 2005) The current morphological modifications and size 
control methodologies have rectified some, but not all of the SnO2 deficiencies in 
applications.    
 
2.2.2.2. SnO2/C Composite Nanostructured Materials 
Instead of using phase-pure SnO2 nanostructures, one could form composites of SnO2 
and carbon at the nanoscale to leverage upon the high capacity of SnO2 and the good 
cyclability of carbon. Depending on the quality and quantity of carbon used, the 
composite could be treated as a dual host storage system for the Li+ ions or the 
presence of carbon is merely to relieve the stress-induced pulverization problem of 
SnO2. The SnO2/C composites may be prepared by a variety of methods, ranging 
from simple direct deposition of SnOx nanoparticles on graphite (KS6) surface,(Lee et 
al. 2000; Wang et al. 2005a) to the in-situ formation of SnO2-laden carbon 
mesospheres, (Moon et al. 2006; Qiao et al. 2008) template-assisted fabrications of 
ordered mesoporous carbon loaded SnO2 composites (Fan et al. 2004) and CNT-
encapsulated SnO2.(Wang et al. 2006c)  
 
The CNT-encapsulated SnO2 nanotubes warrant special mention as they represent one 
of the best efforts thus far. They were prepared by treating SnO2 nanotubes with 
chemical vapor deposition (CVD) of CNTs. The polycrystalline SnO2 nanotubes with 




Subsequent CVD treatment of the SnO2 nanotubes in the AAO membrane using 
acetylene as the carbon source led to the encapsulation of the SnO2 nanotubes by a 
thin layer of CNTs (Figure 2.8). The CNT skin provides good electrical contact, and 
absorbs the reaction-induced stress by using the space in the open tubular structure 
for free material expansion. This SnO2/C composite nanostructure showed excellent 




Figure 2.8. CNT-encapsulated polycrystalline SnO2 nanotubes and their cycling 
performance. (Wang et al. 2006c)   
 
SnO2/C composite was also prepared by mixing SnCl2 with phosphorus esters in the 
presence of ordered mesoporous carbon (CMK-3, prepared from the SBA-15 silica 




composite was subsequently aged at 40oC and then at 900oC before calcination in air 
at 500oC (Figure 2.9). The 3D carbon framework was believed to inhibit the 
aggregation of tin and hence improved the cycling performance compared with 




Figure 2.9. TEM images of the CMK-3 mesoporous carbon (a) and ordered 
nanostructured SnO2/C composite at low (b) and high (c) magnifications. (Fan et al. 
2004)  
 
The in-situ fabrication of SnO2/C without a template could offer a simple and scalable 
production of the composite anode materials. (Moon et al. 2006; Qiao et al. 2008) 




carbohydrates (e.g. glucose) and the pyrolysis of a tin precursor (e.g. SnCl4) under the 
high temperature and pressure conditions prevalent in a solvothermal synthesis. It was 
found that the selection of solvent is crucial for morphology control of the SnO2/C 
product. For example, the product was random SnO2 nanoparticles coated with 
disordered carbon when the solvent was water or ethylene glycol. On the other hand, 
ethanol or a ethanol-water mixture formed carbon mesospheres with dispersed SnO2 
nanoparticles.(Qiao et al. 2008) Since the carbonization temperature in relatively low 
in a solvothermal synthesis, only poorly graphitized disordered carbon abundant with 
active surface groups may be formed. However, this type of carbon is not suitable for 
the reversible storage of lithium ions.  
 
2.2.2.3. Sn/C Composite Nanostructured Materials 
If phase pure metallic tin is used as the lithium storage compound, reaction (2) would 
not occur and the coulombic efficiency should in principle be higher. Metallic Sn also 
has the highest theoretical storage capacity for any Sn anode (992 vs 782mAh/g for 
SnO2). In reality, however, the pulverization problem is aggravated because of the 
lack of a protective buffering matrix to moderate the volume excursion 
problem.(Derrien et al. 2007; Hassoun et al. 2008) The use of Sn may be improved 
by compositing Sn with carbon at the nanoscale. If properly designed, a Sn/C 
composite could combine the high specific capacity of Sn with the good cycle life of 
carbon. At the same time one should however be mindful about the corresponding 




capacity.(Winter et al. 1999) A prudent material design should therefore provide a 
good balance of these opposing features. Previous works on nanostructured Sn/C 
composite anode materials have shown some encouraging results. (Hassoun et al. 
2008; Lee et al. 2003; Zhang et al. 2008) However, the fabrication of nanostructured 
Sn/C composites by simple and scalable methods poses an even greater challenge. 
There are four general methods to prepare a Sn/C composite, namely the deposition 
of pre-formed Sn nanoparticles on graphite,(Wang et al. 2004c) coating of Sn 
nanoparticles with thin, nanoscale layers of carbon,(Noh et al. 2005a; Noh et al. 
2005b) the in-situ reduction of SnO2 to Sn in carbon and template-assisted 
synthesis.(Zhang et al. 2008) A few representative examples of these fabrication 
techniques are given below.  
 
The loading of Sn nanoparticles on carbon is a relatively straightforward procedure. 
For example, by using SnCl4 as the Sn precursor, 1,10 phenanthroline as the 
complexation and capping agent, NaBH4 as the reducing agent, Sn nanoparticles 3.5 
and 10nm in diameters could be prepared in the aqueous solution. In the presence of 
carbon (KS-6), the Sn nanoparticles could be deposited selectively on graphite (KS-6) 
after ultrasonication. It was discovered that with the smaller 3.5nm Sn nanoparticles a 
highly reversible lithium ion storage capacity of 415mAh/g was attainable with 10.3 







Figure 2.10. TEM image of the Sn nanoparticle loaded graphite and the cycling 
performance of the Sn/C composite. (Wang et al. 2004c)  
 
The template-assisted technique (hard and soft) can be combined with the carbon 
thermal reduction reaction to fabricate Sn@C nanocomposites.(Lee et al. 2003; 
Zhang et al. 2008) This is shown by the example in Figure 2.11 using a hard template. 
In this method, SiO2 spheres were used to template the formation of SnO2 hollow 
spheres first. A thin layer of carbon was then deposited on the surface of the SnO2 
hollow spheres by the carbonization of glucose under hydrothermal conditions. 
Subsequent calcination of the dual-layer SnO2@C hollow spheres in N2 reduced SnO2 
to Sn forming an interesting structure of encapsulated Sn nanoparticles in hollow 




spheres provided the space for volume excursion during LixSn alloying and de-
alloying reactions, the Sn@C composite showed a high capacity of over 800mAh/g 
for the first 10 cycles, and a high capacity of 550mAh/g after 100 cycles.(Zhang et al. 
2008) Similar morphology could also be created with a soft template. Instead of using 
SiO2 as the template, micelles of cetyltrimethylammonium bromide (CTAB) were 
used as the soft template to form resorcinol-formaldehyde (RF) spheres loaded with a 
Sn precursor (tributylphenyltin). Subsequent in-situ calcination carbonized the RF 
polymer and formed Sn nanoparticles encapsulated in the hollow carbon spheres 
(Figure 2.12b) with 24wt% of Sn.(Lee et al. 2003)         
 
 
Figure 2.11. The fabrication of Sn nanoparticles encapsulated in hollow carbon 





   
b) a) 
 
Figure 2.12. TEM images of Sn nanoparticles encapsulated in hollow carbon spheres 
obtained by (a) hard and (b) soft template-assisted methods. (Lee et al. 2003; Zhang 
et al. 2008) 
 
Although the preparation of Sn/C composites has shown a high level of originality 
and sophistication in recent years, there are still the problems of large first cycle 
irreversible capacity loss and capacity fading in the products.(Lee et al. 2003; Zhang 
et al. 2008) It is known that for phase-pure Sn, the cycling behavior is inversely 
proportional to the particle size, with sub-4nm considered to be the most 
desirable.(Kim et al. 2005; Wang et al. 2004c) The simple Sn/C composites 
synthesized thus far are limited in their ability to support a high mass loading of small 
(<4nm) Sn nanoparticles. The in-situ formed Sn nanoparticles by the high 
temperature carbon thermal reduction reaction are much larger in size, ranging from a 
few tens to a few hundreds of nanometer, and with poor graphitization degrees. Even 
if the Sn nanoparticles could be made sufficiently small initially, subsequent cycling 




fading. Hence the stabilization of the Sn nanoparticles in the carbon matrix and the 
preservation of an electrically integrated network are still the problems to solve.              
 
2.2.2.4. Sn-M/C Composite Nanostructured Materials 
A new strategy that has drawn increasing attention as a cyclability improvement 
measure is to introduce Sn as a Sn-M alloy (where M is Sb, Co, Fe, and etc) into a 
carbon matrix. For an intermetallic Sn-M compound, lithiation of the Sn phase to 
form Lix<4.4Sn series of compounds would release metal M to the surrounding 
environment. A uniform distribution of the electrically conducting M nanoparticles in 
close proximity of the Sn storage compound could contribute to the maintenance of 
electrical integration in the anode. At the same time M could also function as an 
inactive matrix to inhibit aggregation and size increase of the Sn phase. While this 
concept has been mooted some years ago, (Winter et al. 1999) it has received 
renewed and boosted interest after Sony’s recent announcement of a new generation 
lithium ion batteries based on the Sn-Co-C anode material.(Dahn et al. 2006; Hassoun 
et al. 2007; Inoue 2006; Kim et al. 2007a; Todd et al. 2007)  The Sn-M/C composites 
are generally prepared by high energy ball milling.(Hassoun et al. 2007) Non-
conventional approaches such as formation of Sn-Sb@CNT by in-situ CVD, (Wang 
et al. 2006a) and Sn-Ge@C by thermal annealing of butyl-capped Sn78Ge22 clusters in 
vacuum (Lee et al. 2007) are more recent developments. These techniques could 




For example, branched Sn-Ge@C core-shell nanowires were prepared by the thermal 
annealing of butyl-capped Sn78Ge22 nanoparticles in vacuum (Figure 2.13). The 
resulting 1D composite materials (50-100nm in diameters and several micrometers in 
length) displayed an exceptionally high current rate performance (93% coulombic 
efficiency at the 8C rate) as well as excellent capacity retention after prolonged 
cycling (94% capacity retention after 45 cycles) (Figure 2.13). The impressive 
electrochemical performance was attributed to the morphology and the presence of 
the carbon shell which suppressed the aggregation into larger particles. In fact the 1D 
composite nanowires were found to fragment into smaller nanoparticles and 
nanowires upon cycling instead of aggregation into larger particles as is typical of 
metallic Sn.(Lee et al. 2007) 
  
Figure 2.13. The formation of Sn78Ge22@C nanowires after thermal annealing of the 
butyl-capped Sn78Ge22 nanoparticles clusters in vacuum (left). The electrochemical 
performance of the Sn78Ge22@C nanowires (right). (Lee et al. 2007)  
 
There are also recent reports on Sn-Si/C anode materials displaying impressively high 




2008) Other types of Sn-based anode materials with improved electrochemical 
performance have also been reported, for example tin phosphate,(Kim et al. 2004a; 
Kim et al. 2006) SnO2 filled mesoporous tin phosphate,(Kim et al. 2006) teardrop-
shaped SnP (Kim et al. 2007b) and AlPO4 coated SnO2 (Kim et al. 2004b). Hence 
there are limitless possibilities to find a carbon-substitute for the anode; the question 
is to balance the benefits with mutually compensating features and new challenges to 
scale up production.     
           
2.2.3. Other Nanostructured Anode Materials. 
Silicon (Si) can alloy with Li leading to an even higher theoretical specific capacity 
(4200mAhg-1). However, Si faces the same problem as tin - very poor cycling 
performance due to huge volume changes in the lithium insertion and extraction 
reactions. Carbon is therefore often added to moderate the Si propensity. The roles of 
carbon in carbon-silicon nanocomposites are similar to the roles of carbon in carbon-
tin nanocomposites discussed in section 2.2.2. However, unlike metallic Sn, Si is a 
semiconductor and is more difficult to produce on the nanoscale by solution 
chemistry methods. Recently 2-5nm Si nanoparticles were produced by the reaction 
between SiCl4 and Mg2Si in ethylene glycol dimethyl ether (glyme).(Yang et al. 1999) 
Another paper reported a new synthesis method for Si nanoparticles using the 
reductive thermolysis of a heterocyclic precursor in the presence of lithium metal and 






reported to demonstrate very promising reversible lithium storage properties.(Chan et 
al. 2008) However, rendering nanoscale Si as nanotubes is a tremendous challenge.  
 
Nanostructured anode materials could also be designed without Sn or Si.  Here are a 
few examples. It was reported that composites of nanoscale particles of Co, Cu, Ni, or 
Mn in an amorphous Li2O matrix are good anode materials with good cycling 
performance up to 100 cycles, high capacity of 700mAhg-1 and high C-rate up to 
2C.(Poizot et al. 2000) The authors proposed that the high capacity and high 
reversibility were due to the nanocomposite nature of the electrode which promotes 
highly reversible electrochemical reactions. However, the high capacity of these 
transition metals based anode materials is only obtainable by discharging to 3V or an 
even higher voltage, which is not realistic for practical lithium ion battery operations. 
Recently Nam et al. reported the innovative use of viruses to synthesize and assemble 
nanowires of cobalt oxide (Co3O4) incorporated with gold-binding peptides as a 
composite anode material.(Nam et al. 2006) The authors claimed that this could lead 
to a more flexible and more compact design of the lithium ion batteries. With these 
examples it can be said with confidence that the next generation lithium ion battery 






ONE-STEP SYNTHESIS OF POLYCRYSTALLINE CARBON 




The discovery of CNTs in 1991, followed by reports of their fascinating chemical, 
physical, and electronic properties, has enthralled the research community 
worldwide.(Baughman et al. 2002; Iijima 1991) Current efforts are focused on the 
CNT fabrication techniques and the exploration of their morphology-related 
properties. Among the synthesis methods known to date including arc-
discharge,(Iijima 1991) templated deposition,(Lee et al. 2001) laser ablation,(Thess et 
al. 1996) and catalytic CVD,(Oncel et al. 2006) catalytic CVD using various carbon 
precursors and Co, Fe, or Ni nanoparticle catalysts is the most common and scalable 
method to produce CNTs. However, catalytic CVD is a multistep process involving 
catalyst preparation, CNT formation, and CNT purification. The CNTs prepared by 
catalytic CVD often contain residual catalyst particles and other carbon phases as 
impurities. The purification step not only lowers the yield of CNT production but may 
also damage the CNT structure. From the practical standpoint, a simple one-step 
synthesis of high-purity CNTs without a purification step is always desirable.(Grobert 
2007) 
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Besides the well-known single-wall and multiwall CNTs, other special forms of 
CNTs such as bamboolike CNTs,(Shanmugam et al. 2006) conelike CNTs,(Zhang et 
al. 2003) and Y-junction CNTs (Li et al. 1999) have also been reported. Bamboolike 
CNTs had been synthesized by catalytic CVD using iron nanoparticles as the 
catalyst,(Li et al. 2000) and more recently by the pyrolysis of organometallic 
precursors at high temperatures and pressures.(Shanmugam et al. 2006)  The Y-
junction CNTs are receiving increasing attention because of their projected utility in 
future nanoelectronic devices and circuits.(Gan et al. 1999; Gothard et al. 2004; Li et 
al. 1999; Valles et al. 2006) Y-junction CNTs have been synthesized by template-
assisted catalytic CVD using nanochanneled alumina as the template and Co as the 
catalyst.(Li et al. 1999) Alternatively, Ti-doped Fe may also be used as the 
catalyst.(Gothard et al. 2004) 
 
Many of the so-called “CNTs” in the literature, including some of the references cited 
above, were actually carbon nanofibers (CNFs). This is because they either lacked the 
long-rang order of a perfect graphite structure or their graphene sheets were not rolled 
into perfect cylinders. CNFs could indeed be advantageous to some applications, such 
as using them as a reversible Li+ ion storage material for the anode of lithium-ion 
batteries.(Claye et al. 2000) Here, the monolithic tubular structure of perfectly 
graphitized CNTs with few surface defect sites would limit Li+ ion diffusion only 




easily through the surface discontinuities in the walls of CNFs to result in increased 
Li+ ion storage capacity at normal charge and discharge rates.  
 
This chapter describes a simple one-step CVD method to synthesize high-purity 
ultralong polycrystalline CNFs with periodic dome-shaped interiors. This method of 
prepara-tion provides a number of advantages over the catalytic CVD methods. High-
purity ultra-long CNFs with periodic dome-shaped interiors could be produced easily 
and harvested without the need for transition metal nanoparticle catalysts and 
purification posttreatments. The CNFs were collected on a copper substrate, which 
could be recycled. In addition, Y-junction and forklike CNFs with the same internal 
structure were formed as byproducts without any template or catalyst. The dome-
shaped interiors were spaced uniformly throughout the length of the CNF and along 
the stem and branches of the Y-junction. The formation of CNFs with periodic dome-
shaped interiors could not be satisfactorily rationalized by the base-growth or tip-
growth models for hollow CNF formation by catalytic CVD processes. A new growth 
mechanism based on the autocatalytic deposi-tion of 3D graphene flakes was 
therefore proposed. The CNFs were evaluated as an active anode material for 
reversible Li+ ion storage. Preliminary results were encouraging as capacities in 
excess of 250 mAh/g could be realized without any pretreatment.  
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3.2. Experimental Section 
 
3.2.1. Carbon Nanofiber Preparation  
In a typical experiment, a quartz combustion boat containing pure copper wires was 
placed in a tube furnace and heated at 950 °C for 3−6 h in a stream of 10% acetylene 
in nitrogen flowing at 200 sccm. The tube furnace was then allowed to cool to room 
temperature naturally in flowing nitrogen. A thick layer of black deposit was formed 
on the copper substrate, indicating the successful growth of the CNFs. No purification 
posttreatment was applied to the synthesized CNFs.  
 
3.2.2. Material Characterizations 
The CNFs were characterized by field-emission scanning electron microscopy 
(FESEM) and scanning transition electron microscopy (STEM) on a JEOL JSM-
6700F operating at 5 and 25 kV respectively, scanning electron microscopy (SEM) 
and energy-dispersive X-ray spectroscopy (EDX) on a JEOL JSM-840 operating at 
15 kV, transmission electron microscopy (TEM) on a JEOL JEM-2010F operating at 
200 kV, high-resolution TEM (HRTEM) and selected area electron diffraction 
(SEAD) on a Philips FEG-CM300 operating at 200 kV, powder X-ray diffraction 
(XRD) on a Shimadu XRD-6000 using Cu Kα radiation, Raman spectroscopy on a 
Jobin-Yavon T6400 micro-Raman system with Ar+ laser at an excitation wavelength 
of 514.5 nm, and by X-ray photoemission spectroscopy on a KRATOS AXIS Hsi 




3.2.3. Electrochemical Measurements 
The CNFs were mixed with 10% polyvinylidene fluoride (PVDF) binder in N-
methylpyrrolidone (NMP) to form a homogeneous slurry. The slurry was applied over 
a copper disc current collector and dried in a vacuum at 120 °C overnight. 
Electrochemical test cells were assembled in an argon-filled glove box using a lithium 
metal foil as the counter electrode and 1 M LiPF6/EC+DMC (1:1 w/w) as the 
electrolyte. The cells were tested on a Maccor Series 2000 battery tester at ambient 
conditions using a fixed charge and discharge current density of 100 mA/g in the 
voltage window 5 mV to 2 V.  
 
3.3. Results and Discussion 
 
3.3.1. Carbon Nanofiber Analysis 
The FESEM images of the black deposit on copper wires after 3 h of reaction are 
shown in Figure 3.1a−c at different magnifications. The low-magnification FESEM 
image (Figure 3.1a) shows that a large number of ultralong CNFs with a millimeter-
length scale could be produced by this method of preparation. The preparation 
method could be easily scaled up for larger-quantity production and the copper metal 
substrate could be recycled. Images a and b of Figure 3.1 also show that the 
synthesized CNFs were free from foreign impurities, unlike the case of CNFs or 
CNTs prepared by other methods.(Chen et al. 2002; Oncel et al. 2006; Sharon et al. 
2002)  The CNFs had uniform diameters ranging from 100 to 200 nm and a smooth 
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exterior. There was some repeating ripplelike contrast (boxed in Figure 3.1b for easy 
identification) lengthwise, which became more prominent in the zoomed-in view of 
Figure 3.1c. The ripplelike contrast was an indication of the periodic changes in 
carbon density along the length. These repeated patterns were also confirmed by 
TEM (vida infra). Figure 3.1d shows a looped-back CNF prepared with 6 h of CVD. 





Figure 3.1. (a) Low-magnification and (b) high-magnification FESEM images of the 
CNFs; FESEM images of (c) three CNFs with ripplelike contrast along their lengths 





The most unique feature of these CNFs was their dome-shaped interiors, which were 
spaced uniformly throughout the length with high periodicity. The TEM images of 
the CNFs synthesized with 3 h of CVD on copper wires in Figure 3.2a−c show clearly 
the periodic dome-shaped interiors and the smooth outer surface. Some slightly bent 
CNFs indicating good ductility were again found in Figure 3.2a. The low-
magnification TEM image Figure 3.2a also shows the high quality of the CNFs:  there 
was no visible foreign matter. EDX analysis did not detect any copper metal in the 
CNFs produced (Figure 3.3). On the contrary, CNTs produced from typical catalytic 
CVD methods often contain catalytic metal nanoparticles at the tip or near the base of 
the CNTs, or carbon phase impurities (e.g, carbon particles), making the purification 
of those CNTs an essential but difficult step. The current method of preparation 
suffers no such propensity. Figure 3.2b shows a typical section of the CNF with a 
more clearly revealed internal structure. The interiors contained well-separated dome-
shaped cavities uniformly distributed along the CNF length. The arrows in the figure 
indicate that the growth direction was from the base of the dome to the apex. Figure 
3.2c shows the catalyst-free tip of a single CNF, which was considerably different 
from CNTs produced by the tip-growth mechanism.(Saito 1995)  
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Figure 3.2. (a) Low-magnification TEM image of the CNFs. (b) High-magnification 
TEM image of a section of a typical CNF; the insert shows a typical SEAD pattern of 
the CNF. (c) TEM image of the tip of a typical CNF; the arrows in (b,c) show the 
growth direction of the CNFs. (d) Typical HRTEM image of the side of a CNF. The 
white lines in (d) show the direction of the aligned graphene sheets. CVD time:  (a−d) 
3 h. 
 




3.3.2. Y- and Fork-Junction CNFs 
Some Y-shaped and forklike CNFs, again with the periodic dome-shaped interiors, 
were also formed as byproducts. To the best of our knowledge, these intriguing 
morphologies have not been previously observed. Some Y-junction CNFs with 
distinctive periodic dome-shaped interiors from 3 h of CVD on copper wires are 
shown in images a and b of Figure 3.4. Figure 3.4a shows two long branches 
sprouting from a common trunk. On the other hand, Figure 3.4b shows a Y-junction 
CNF with a prematurely terminated short branch. Although the Y-junction CNFs 
were difficult to separate from other CNFs, discovery of a template-free and catalyst-
free synthesis leading to products with intriguing internal structures here is exciting 
nonetheless. If the Y-junction CNFs could be produced at higher yields with more 
precise morphology control, their use as the building blocks for nanoelectronics may 
be possible.(Valles et al. 2006) Images c and d in Figure 3.4 show that the forklike 
CNFs had the same periodic dome-shaped internal structure. Figure 3.4c shows a 
forklike CNF with two short branches departing from the stem at different junctions. 
On the other hand, Figure 3.4d shows a forklike CNF with three long branches 
diverging from the same junction. The formation of the forklike CNFs could be 
considered as an extension of the Y-junction growth with an additional third branch. 
This further confirmed the CNF growth direction was from the base of the dome to 
the apex as highlighted by the arrows in the figures. Clearly, the growth of catalyst-
free Y-junction and forklike CNFs could not be satisfactorily explained by the 
popular base-growth model either. 
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Figure 3.4. TEM images of the Y-junction CNFs:  (a) with two long branches 
extending from a common junction; (b) with one short branch. TEM images of the 
forklike CNFs:  (c) with two short branches; (d) with three long branches. The arrows 





3.3.3. Formation Mechanism Studies 
The formation of the CNFs was independent of the form of the copper substrate, i.e., 
copper wires, copper sheets, and copper TEM grids (Figure 3.5a-b) all led to almost 
the same products. However, the CNFs grown on the copper TEM grid were 
somewhat rougher, which could be due to the presence of a carbon film in the TEM 
grid. On other substrates, such as KS6 graphite and quartz combustion boats, solid 
carbon wires were the only 1D product (Figure 3.5c-d) and the amount formed was 
small when compared to the yield of CNFs on copper. It may therefore be concluded 
that a copper substrate was necessary for the formation of CNFs with dome-shaped 
interiors. There was no apparent effect of time on the CNF diameter, as shown by the 
FESEM images of CNFs synthesized by 6 h of CVD (Figure 3.5e) vs those by 3 h of 
CVD. However, a longer CVD time did result in more CNFs being formed, and 
possibly longer CNFs, although the exact length was difficult to determine by 
FESEM because of the extra long length and the bends in the CNFs. On the contrary, 
the effect of temperature on the CNFs growth was strong and prominent. 
Experimentally, no CNFs were formed at temperatures below 700 °C. The CNFs 
formed at 850 °C (Figure 3.5f) had a noticeably rougher exterior compared to the 
CNFs synthesized at 950 °C and broken holes (highlighted by arrows) were found on 
some of the CNFs.  
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Figure 3.5. FESEM images of (a) CNFs grown on a TEM copper grid for 3h of CVD; 
(b) CNFs grown on a copper sheet for 3h of CVD; (c) carbon nanowires formed on 
KS6 graphite with 6h CVD at 950oC, and (d) on a quartz substrate with 7h CVD at 
950oC; (e) CNFs synthesized by 6h of CVD at 950oC, and (f) CNFs synthesized by 5h 





The CNFs formed on copper were characterized by Raman spectroscopy. The 
resulting spectrum in Figure 3.6b shows strong D and G lines at ca. 1343 and 1587 
cm-1, respectively. The broadening of the lines into bands suggested that the CNFs 
had low crystallinity and were composed of small graphene sheets with a low degree 
of graphitization. The D band at 1343 cm-1 could be associated with structural defects 
and disorders in the CNFs. The G band at 1587 cm-1 was due to the vibration of sp2-
bonded carbon in a 2D hexagonal lattice, i.e., C=C bond stretching. Compared to pure 
graphite, which has only a sharp G band at around 1580 cm-1, the prominent D band 
(1343 cm-1) in Figure 3.6b indicated a low graphitization degree and the presence of a 
large quantity of defects and disorders. The 7 cm-1 shift in the G band of the CNFs 
(1587 cm-1) relative to that of graphite (1580 cm-1) is further evidence for the low 
graphitization degree of the graphene sheets in the CNFs.  
 
 
Figure 3.6. (a) XRD pattern and (b) Raman spectrum of the CNFs. 
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To understand the possible growth mechanism for these unique CNFs, the 
crystallinity of the CNFs was carefully examined. The X-ray diffraction (XRD) 
pattern of the CNFs synthesized with 3 h of CVD is shown in Figure 3.6a. The 
diffraction peaks at 25.5 and 42.4° could be assigned to the (002) and (101) 
diffractions of graphitic carbon, respectively. The d002 calculated from the Bragg 
equation was 3.5 Å, which is slightly larger than that of graphite with d002 of 3.4 Å. 
The crystallite size based on the Scherrer equation (Dv = Kλ/βcos θ, where K = 0.9, β 
is half width of the (002) peak, and λ = 0.154 nm) was 4.2 nm. The small crystallite 
size and the expanded d002 indicate that the CNFs had low crystallinity compared to 
graphite. The inset in Figure 3.2b shows a typical selected area electron diffraction 
(SAED) pattern of the CNF, where the absence of discrete diffraction spots indicates 
that the CNF was polycrystalline carbon. The HRTEM image of the walls of the CNF 
(Figure 3.2d) revealed that the CNF consisted of closely packed graphene sheets 
about 2−5 nm in length. Some of the graphene sheets were slightly curved and some 
graphene sheets contained both curved and straight sections. The interlayer distance 
d002 between the graphene sheets was measured to be 3.6 Å on the average, in 
reasonably good agreement with the XRD determination (3.5 Å). These 
measurements are consistent with the results of Raman spectroscopy. The low 
graphitization degree could be due to the presence of curved, bent, and structurally 
imperfect graphene sheets and the nonparallel arrangement of the wrinkled graphene 
sheets. The graphene sheets near the external surface were slightly inclined to the 




a larger angle to the CNF surface. Indeed, the graphene sheets above the dome-shape 
interiors were nearly perpendicular to the external surface (Figure 3.7).  
 
Figure 3.7. HRTEM images of a section of a typical CNF. 
 
The well-known tip-growth and base-growth mechanisms are unable to rationalize the 
growth of these unique CNFs. A new mechanism which incorporated the current 
views in the literature is proposed here as an alternative.(Ajayan et al. 2000; 
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Levesque et al. 2003; Saito 1995; Wang et al. 1996) The new mechanism may be 
called autocatalytic 3D graphene flake deposition, where 3D graphene flakes refer to 
curved, bent, flat, rolled, and wrinkled graphene sheets. We perceived the growth of 
CNF to consist of the following events:  
(1) Carbon from the gas-phase decomposition of C2H2 condensed and self-assembled 
into hexagonal, pentagonal, and heptagonal rings. The rings combined to form small 
3D graphene flakes about 2−5 nm in size (pyrolitic graphite structure), which are the 
basic construction units for the growth of a wire or tubular structure.  
(2) During the deposition of the 3D graphene flakes on the copper surface where 
carbon is insoluble, the intrinsic curvatures of these surfaces promoted shape-
conforming stacking, forming spherulites in a thin graphite layer. These spherulites 
were often found in the growth of 1D carbon nanostructures (Step 1 in Figure 3.8). 
(3) The spherulites were catalytic toward C2H2 decomposition, and more 3D graphene 
flakes were formed heterogeneously. The 3D graphene flakes had strong anisotropy 
and were inclined to grow in directions that would help to extend their surfaces. The 
vertical alignment of the rolled surfaces would result in growth propagation in the 
CNF axial direction; in the mean time, some rolled surfaces stacked to form the tube 
walls (Step 2 in Figure 3.8). 
(4) The autocatalytic process also produced curved surfaces that grew internally with 
increasing angles of inclination to the CNF axis (see the HRETM images in Figure 
3.7). When the growth was extensive enough, the tube opening was closed with the 




(5) The tip of the section then assumed the original role of the spherulites, and the 
growth process repeated. (Step 4 in Figure 3.8).  
The exact role of copper is not known at present. Phenomenonlogically, copper 
promoted the formation of an initial carbon film with spherulitic character, which 
stimulated the outward growth of 1D tubular structures.  
 
 
Figure 3.8. Proposed growth mechanism of the CNFs with periodically dome-shaped 
interiors. 
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Figure 3.9. Proposed growth mechanism of (a) the Y-shaped and (b) fork-shaped 
CNFs with periodically dome-shaped interiors. 
 
The formation of the Y-shaped and forklike CNFs could also be understood on the 
basis of the mechanism of directed deposition of 3D graphene flakes (Figure 3.9). 
The formation of Y-shaped CNF could be the result of the overdeposition and 
aggregation of 3D graphite flakes on a CNF tip, resulting in the formation of two 
graphene spheres pointing in different directions. The two carbon nanospheres could 
then serve as independent autocatalytic sites and nuclei to seed the directed 
aggregation and deposition of 3D graphene flakes, creating the Y-junction with 
periodically dome-shaped interiors shown in Figure 3.9a. The two branches could be 
competing for graphene flake deposition, leading to the asymmetric growth of the two 
branches. Similarly, the formation of forklike CNFs could be explained by the 
mechanism shown in Figure 3.9b, where three carbon nanospheres on the same part 






3.3.4. Reversible Lithium Storage 
Measurements of the reversible lithium-ion storage property of the CNFs were carried 
out to evaluate the suitability of the CNFs in lithium-ion battery applications. Figure 
3.10a shows the first two cycles of charging (Li+ insertion) and discharging (Li+ 
deinsertion) the CNF electrode. The voltage plateau at about 0.7 V in the first 
charging cycle is normally associated with electrolyte decomposition and the 
formation of a solid electrolyte interface (SEI). A very large lithium-ion storage 
capacity of 682 mAh/g was obtained in the first charging cycle, of which 234 mAh/g 
could be recovered upon the first discharge. The large irreversible capacity loss (
65%) was contributed not only by SEI formation but also by the reduction of oxygen 
species present on the CNF surface.(Wang et al. 2002) Indeed, the presence of a trace 
amount of oxygen in the CNFs was confirmed by EDX analysis. In addition, some 
lithium ion could be “trapped” at void or cavity sites by the “ink-bottle” effect, 
compounding the first cycle irreversible capacity losses. Large first cycle irreversible 
capacity losses had been witnessed for CNTs prepared by the catalytic CVD method 
using Co nanoparticles.(Wang et al. 2002) A differential capacity plot (dC/dV vs 
potential, Figure 3.10b) based on Figure 3.10a was used to accentuate the features in 
the Li+ ion insertion and extraction processes. In this regard, the peaks at 0.7 and 2 
V in the first charging cycle corresponded well with SEI formation and the reduction 
of surface oxygen on CNFs, respectively. As these were first cycle processes, they 
disappeared expectedly in the second and subsequent cycles. During the discharging 
process, a broad anodic peak common to graphite and CNF electrodes was found at 
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0.25 V, which may be used to infer that the CNFs had certain graphitic character. The 
reversible Li+ ion storage capacity and coulombic efficiency of the CNF electrode 
were plotted as a function of the cycle number in Figure 3.10c. Except for the first 
cycle, where the large irreversible capacity loss weighed down the coulombic 
efficiency to a low of 35%, a coulombic efficiency of 97% was possible from the 
second cycle onward. A reversible Li+ storage capacity of 260 mAh/g was 
sustainable, indicating reasonably good cyclability of the CNF electrode. It should be 
pointed out that the CNF electrode was tested in the 5 mV to 2 V window at a 
relatively high rate of 100 mA/g, and yet its performance surpassed the previously 
reported value of CNTs (100 mAh/g) tested at the same current density and in a wider 
voltage window (0.01−3.0 V).(Wang et al. 2002) The test electrode was formulated 
without a conductivity enhancer such as Super P carbon black, indicating that the 
CNFs were intrinsically highly conductive. Although the measured reversible Li+ 
storage capacities were higher than the typical values for CNTs, they have yet to 
match the capacity of graphite (372 mAh/g with LiC6 stoichiometry). The better than 
average capacity of our CNFs could be attributed to their polycrystalline character, 
which allowed Li+ diffusion through the walls and be stored in the interstices between 
the graphene sheets. However, as the CNFs still had a fairly thick shell, efficient Li+ 





Figure 3.10. (a) Charge−discharge curves and (b) differential capacity plot of the 
CNF electrode for the first two cycles; (c) cycling performance and coulombic 




In summary, CNFs with periodic dome-shaped interiors were synthesized by the one-
step chemical vapor decomposition of acetylene over copper surfaces at atmospheric 
pressure. The CNFs were unique in that they were relatively impurity free and their 
dome-shaped interiors were regularly spaced throughout the CNF length. In addition, 
hitherto undiscovered Y-junction and forklike CNFs with periodic dome-shaped 
interiors were formed as one of the byproducts. A new growth mechanism based on 
the autocatalytic deposition of 3D graphene flakes was proposed. The cyclability of 
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these CNFs in reversible Li+ storage was quite good, with a reversible capacity of 
260 mAh/g realizable at the rate of 100 mA/g. In principle, the CNFs with periodic 
dome-shaped interiors could be used to template other nanoarchitectures or to form 
nanocomposites by coating or diffusing other material precursors into the gaps of the 







HOLLOW CORE-SHELL MESOSPHERES OF CRYSTALLINE 




Wide band semiconducting SnO2 is used in a diverse range of applications.(Han et al. 
2005; Lou et al. 2006; Sun et al. 2004; Yang et al. 2004; Zhong et al. 2000) It is 
believed that some applications may actually benefit from a properly designed SnO2 
nanostructure. While SnO2 can now be synthesized as nanowires,(Wang et al. 2003) 
nanorods,(Cheng et al. 2004) nanotubes,(Huang et al. 2005) nanobelts (Pan et al. 
2001) and nanooctahedra;(Yang et al. 2004) the organized assembly of low-
dimensional nanounits (e.g. SnO2 nanoparticles) into higher-order structures (e.g. 
hollow core-shell particles) where the integrated geometry may lead to functional 
improvements, remains to be a challenge. For example, SnO2 would be a good 
substitute for the carbon anode in lithium-ion batteries if its high Li+ storage capacity 
(782mAh/g vs 372mAh/g for graphite) is not undermined by limited cyclability. 
Nanostructured SnO2 has been suggested as a possible solution to this application 
problem.(Han et al. 2005; Lou et al. 2006) It will be intellectually stimulating and 
technologically important to determine whether a higher-order design of the 




nanostructure could lead to improvements in application performance, while keeping 
the method of preparation relatively simple and scalable.      
 
Template-assisted synthesis and solvothermal synthesis are currently the two most 
common methods of preparation of hollow nanostuctures.(Caruso et al. 1998; Han et 
al. 2005) Template-assisted synthesis relies on the template to sculpture the product 
morphology. It offers ease of morphology control through template selection. A 
number of removable templates can be used to generate simple hollow nanostructures. 
However, template-assisted synthesis is not without problems: difficulty in template 
fabrication; possibility of product deconstruction during the template removal process; 
shortage of templates for generating hollow structures with complex interiors; and 
multi-step and costly operations. By comparison solvothermal synthesis has notable 
advantages such as simple and straightforward operations; low cost and scaleable 
production. It has been successfully used in the preparation of hollow spheres,(Lou et 
al. 2006) hollow octahedral (Yang et al. 2004) and hollow boxes.(Liu et al. 2004) 
The morphology of nanostructures obtained by solvothermal methods is strongly 
dependent on the solvents used, the ions involved, acidity and other environmental 
factors. Quite unlike template-assisted synthesis, there is no good method to predict 
the product morphology a priori in a solvothermal synthesis..  
 
A procedure that combined template-assisted and solvothermal syntheses was used 
here to form hollow core-shell mesospheres of crystalline SnO2 nanoparticle 
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aggregates for lithium ion battery applications. The procedure was developed based 
on the following understandings: It is known that carbonization of carbohydrates (e.g, 
glucose and sucrose) occurs under solvothermal conditions at temperatures above 
160oC. (Sun et al. 2004; Titirici et al. 2006) On the other hand, hydrolysis of tin(IV) 
chloride (SnCl4) under solvothermal conditions could lead to SnO2 
nanocrystals.(Cheng et al. 2004) These properties of glucose and tin(IV) chloride 
were utilized in this study to enable firstly the in-situ formation of mesospheres of 
carbon-SnO2 nanocomposites. Carbon in the nanocomposites was then removed by 
calcination, leaving behind hollow core-shell mesospheres of crystalline SnO2 
nanoparticle aggregates. In this method, the in-situ formed carbon-dominant 
mesospheres guided the organization of the final product morphology during the 
template removal process (calcination). Such constructive role contrasts strongly with 
the destructive effect of template removal on product morphology common in other 
template-assisted methods. This preparation method is also environmentally-benign, 
and could be scaled up easily for volume production. When used as the anode 
material in lithium ion test batteries, the hollow core-shell mesospheres of crystalline 
SnO2 nanoparticle aggregates demonstrated very high Li+ ion storage capacities and 
improved electrochemical characteristics, which could all be attributed to their unique 








4.2.1. Materials Synthesis and Characterization 
All chemicals were used as received. In a typical experiment, 10mmol D-glucose 
monohydrate and 4mmol SnCl4 were dissolved in a mixture of distilled water (5ml) 
and ethanol (30ml) to form a transparent colorless solution. The solution was 
transferred to a Teflon-lined autoclave. The autoclave was put in an electric oven and 
kept at 180oC for 24h before cooling down in air. The sediment which was black in 
color was collected, and washed with water and ethanol several times, before it was 
dried in a vacuum oven at 50oC for a few hours. The sediment was then calcined at 
550oC for 4-5 hours in air. The black sediment turned to white indicating the 
successful removal of carbon by oxidization in air. The samples were thoroughly 
characterized by procedures described in Section 3.2.2. 
 
4.2.2. Electrochemical Measurements 
80wt% of the hollow core-shell mesospheres of crystalline SnO2 nanoparticle 
aggregates, 10wt% of conducting additive (Super-P carbon black, Timcal) and 10wt% 
of polyvinylidene fluoride (PVDF) binder in N-methylpyrrolidone (NMP) were 
mixed into a homogeneous slurry. The slurry was then applied to a copper disc 
current collector and dried in vacuum at 120oC. Electrochemical test cells were 
assembled in an argon-filled glove box using the coated copper disc as the working 
electrode, lithium metal foil as the counter/reference electrode, and 1 M solution of 
LiPF6 in a 50:50 w/w mixture of ethylene carbonate (EC) and diethyl carbonate 
(DMC) as the electrolyte. The cells were charged and discharged galvanostatically at 
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the rates of 50mA/g or 100mA/g in the fixed voltage window of 5mV-2V on a 
Maccor series 2000 battery tester at room temperature 
 
4.3. Results and Discussion 
 
4.3.1. Structure Analysis 
The FESEM images of the hollow core-shell mesospheres of crystalline SnO2 
nanoparticle aggregates are shown in Figure 4.1a-e at different magnifications. It is 
clear from Figure 4.1a that the mesospheres were 1-3µm in overall dimension. The 
high magnification FESEM image of Figure 4.1b shows that the surface of the 
mesospheres was formed entirely by aggregated small (~11nm) primary SnO2 
nanoparticles. The zoomed-in view of the surface (Figure 4.1c) confirms this. The 
most unique feature of these SnO2 mesospheres was their hollow core-shell structure, 
which was revealed most vividly by a mesosphere with partially broken shell (Figure 
4.1d). The shell was estimated to be ~200nm in thickness. Another core-shell SnO2 
mesosphere with a ruptured shell is shown in Figure 4.1e. Besides the shown annular 
space associated with the interior cavity, the core was found to be made up of the 
same aggregated SnO2 nanoparticles as those found in the shell.     





Figure 4.1. FESEM images: (a-b) hollow core-shell mesospheres of crystalline SnO2 
nanoparticle aggregates at different magnifications; (c) zoomed-in view of the surface 
of a SnO2 mesosphere showing aggregates of SnO2 nanoparticles; (d) a SnO2 
mesosphere with broken shell revealing the hollow core-shell structure; (e) zoomed-in 
view of another partially broken mesosphere showing that both the core and shell 
were made up of nanoparticle aggregates; the inset is the corresponding low-
magnification view; (f) zoomed-in and zoomed-out (inset) views of the solvothermal 




Figure 4.2. (a,b,c) TEM images of hollow core-shell mesospheres of crystalline SnO2 
nanoparticle aggregates at different magnifications. The cores were all solid. The 
inset in (a) shows the selected area diffraction pattern (SEAD) of a SnO2 mesosphere; 
(d) TEM image of the solvothermal reaction product.  
 
The interesting nanostructure of hollow core-shell mesospheres was further 
corroborated by transmission electron microscopy (TEM). The low-magnification 
TEM image in Figure 4.2a shows several core-shell mesospheres with clearly visible 
hollow interiors. The high-magnification TEM images b and c of Figure 4.2 show an 
isolated SnO2 mesosphere at different magnifications. The dark solid core of the 
nanoparticle aggregate contrasts strongly with the visibly lighter region in the 
microvoid region between the core and the shell. The measured shell thickness of 
~200nm is consistent with the FESEM determination. The selected area diffraction 




pattern (SAED) of the SnO2 mesospheres in the inset of Figure 4.2a indicates that the 
SnO2 nanoparticles were crystalline, and all diffraction rings could be indexed to 
SnO2 nanocrystals with hexagonal symmetry.  
 
4.3.2. XRD/EDX Analysis 
The crystallinity of the hollow core-shell mesospheres of SnO2 nanoparticle 
aggregates was independently confirmed by X-ray diffraction (XRD). All the peaks in 
the XRD pattern (A.C) in Figure 4.3a could be indexed to crystalline SnO2 by 
comparison with JCPDS card No. 41-1445, indicating good phase purity and 
consistency with the SAED measurement (inset in Figure 4.2a). The broad diffraction 
peaks indicate that the crystalline SnO2 nanoparticles were small in size. If the {110} 
diffraction was used in the Scherrer equation (Dv=Kλ/(βcosθ, where K=0.9, β is the 
half width of full maximum of the the (110) peak, and λ=0.154nm), the size of the 
primary SnO2 nanoparticles in the hollow core-shell mesospheres was determined to 
be ~11nm, which is in good agreement with the measurement based on FESEM/TEM 
images. Elemental analysis by energy-dispersive X-ray spectroscopy (EDX) revealed 
the presence of only Sn and O (spectrum (A.C) in Figure 4.3b) in ~1:2 mole ratio, 
thereby confirming the sole presence of SnO2. The hollow core-shell mesospheres of 
crystalline SnO2 nanoparticle aggregates were further characterized by X-ray 
photoemission spectroscopy (XPS). The XPS spectrum for the Sn3d levels is shown 
as curve (A.C) in Figure 4.3c. The two peaks at ~487.3 eV and ~495.6eV could be 
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assigned to Sn3d5/2 and Sn3d3/2 respectively. The XPS data further proved the phase 
purity of the hollow core-shell mesospheres and that tin was in the Sn(IV) state.  
 
 
Figure 4.3. (a) XRD patterns, (b) EDX patterns, and (c) Sn 3d XPS spectra of the 
SnO2 nanoparticle loaded carbon mesospheres prepared from the solvothermal 
reaction (B.C: Before Calcination) and hollow core-shell mesospheres of crystalline 
SnO2 nanoparticle aggregates formed upon calcination (A.C: After Calcination). 
 




In order to understand how the hollow core-shell mesospheres were formed, the black 
sediment after solvothermal synthesis before calcination (B.C) was collected and 
compared with the final product formed after calcination (A.C). The inset in Figure 
4.1f shows the solvothermal product as carbon mesospheres with interspersed SnO2 
nanoparticles. The zoomed-in view of a broken carbon mesosphere (Figure 4.1f) 
indicates the clear presence of SnO2 nanoparticles (white specs) on the carbon 
mesosphere external surface and throughout the ruptured cross-section of the 
mesosphere. Figure 4.2d shows a completely dark particle with no contrast difference 
between the surface and the particle interior, suggesting that the particle was entirely 
solid. The XRD pattern (B.C) in Figure 4.3a confirms the presence of SnO2 
nanocrystals. A nanocrystal size of ~3.5nm was calculated based on the Scherrer 
equation using the {110} diffraction. The increase in the SnO2 nanoparticle size after 
calcination could be due to annealing, aggregation and sintering of small particles 
(~3.5nm) to form larger (~11nm), more crystalline particles (see the sharper and 
narrower diffraction peaks in pattern (A.C) of Figure 4.3a). The absence of carbon 
diffraction in pattern (B.C) indicates that the carbon spheres were amorphous.(Sun et 
al. 2004) As expected, the EDX pattern (B.C) of the sediment in Figure 4.3b detected 
the presence of carbon, besides tin, oxygen and a trace amount of chlorine. The loss 
of carbon signal in the EDX pattern (A.C) in Figure 4.3b indicates that carbon was 
completely removed by oxidization in air. The XPS Sn3d level spectrum (B.C.) in 
Figure 4.3c indicates that tin was in the Sn4+ oxidation state after solvothermal 
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reaction. Thus it may be concluded that the distribution of SnO2 nanoparticles in the 
carbon mesosphere was uniform throughout.   
 
4.3.3. Morphology Control by Solvent Polarity 
A series of experiments (summarized in Table 4.1) was used to determine the key 
factors in solvothermal synthesis that led to the formation of the hollow core-shell 
product of SnO2 nanoparticle aggregates.  
 



















1 10 4 0 35 180 24 SnO2@C NP SnO2 NP 
2 10 4 5 30 180 24 SnO2@C NP SnO2 NP 
3 10 4 17.5 17.5 180 24 
SnO2@C 
NP & MS  
SnO2 
NP&MS 





5♦ 10 4 35 0 180 24 
SnO2@C 
NP & MS 
SnO2 
NP&MS 
6 10 4 30 5 180 2 NS - 
7 10 4 30 5 180 6 
 SnO2@C 
MS SnO2 SMS 
SnO2@C NP, amorphous carbon coated SnO2 nanoparticles. SnO2 NP, SnO2 nanoparticles. SnO2@C 
NP & MS, mixture of amorphous carbon coated SnO2 nanoparticles and carbon mesospheres loaded 
with SnO2 nanoparticles. SnO2 NP & MS, mixture of SnO2 nanoparticles and mesospheres of 
crystalline SnO2 nanoparticle aggregates. SnO2 C-S MS, hollow core-shell mesospheres of crystalline 
SnO2 nanoparticle aggregates. NS, no sediment observed. SnO2  SMS, solid  mesospheres of crystalline 
SnO2 nanoparticle aggregates decorated with some random SnO2 nanoparticles.   ♦D-glucose was not 
soluble in this series.   
 
It was found that in water rich solvent systems (ethanol:water = 0ml:35ml or 
5ml:30ml), only SnO2 nanoparticles surrounded by amorphous carbon were observed 
by the solvothermal reaction (Figure 4.4a), and subsequent calcination treatment led 
to crystalline SnO2 nanoparticles only (Figure 4.4b). When the ethanol content in the 




mixed solvent was increased to ethanol:water = 17.5ml:17.5ml, both SnO2 
nanoparticles surrounded by amorphous carbon and SnO2 nanoparticle loaded carbon 
mesospheres were formed (Figure 4.4c). Subsequent calcination led to a mixture of 
SnO2 nanoparticles and mesospheres of SnO2 nanoparticle aggregates (Figure 4.4d). 
Nearly identical results were obtained in an entirely ethanol system (ethanol:water = 
35ml:0ml) (Figure 4.4g and Figure 4.4h). The SnO2 mesospheres in these cases were 
all solid nanoparticle aggregates. The discovery of all-solid mesospheres of 
crystalline SnO2 nanoparticle aggregates actually attested to the uniformity of 
dispersion of SnO2 nanoparticles in the carbon mesospheres. The lack of a hollow 
interior in these cases could be due to the excess presence, or over-supply of SnO2 
nanoparticles in the mesospheres, which was witnessed by the presence of a large 
number of discrete SnO2 nanoparticles in the proximity of the SnO2 mesospheres. The 
hollow core-shell mesospheres of SnO2 nanoparticle aggregates could only be 
produced from a solvent mixture of ethanol:water = 30ml:5ml (Figure 4.4e-f). These 
experimental results demonstrated that: (1) ethanol could have affected the polarity of 
the solvent system and hence the solubility of reactants and intermediates in 
solvothermal synthesis; (2) the product morphology mirrored closely the morphology 
of the solvothermal product formed before calcination; and was little affected by the 
calcination process. In other words, the carbon product from the carbonization of 
glucose (mostly amorphous carbon) templated the formation of crystalline SnO2-only 




Figure 4.4. FESEM images of solvothermal products before (left panel) and after 
(right panel) calcination. The amount of ethanol used in the synthesis increased from 
a to g. It can be seen that the final product morphology was determined by the 
morphology of the solvothermal product. 




Under solvothermal conditions, the two reactions (hydrolysis of SnCl4 and 
carbonization of glucose) occurred simultaneously. Since glucose was used in large 
excess, the hydrolysis and ethanolysis of SnCl4 occurred within the micro-
environment of glucose dehydration and polymerization (carbonization), and the 
SnO2 nanoparticles formed thereupon served as the nucleation sites for amorphous 
carbon deposition. The amorphous carbon surface was hydrophilic (due to the 
presence of –OH or =C=O groups) and the aggregation of the carbon coated SnO2 
nanoparticles was strongly dependent on the solvent properties, in particular the 
water-ethanol ratio. Under the condition of high water content, the carbon coated 
SnO2 nanoparticles were well solubilized and aggregation was limited (Figure 4.4a). 
The interparticle aggregation increased with the ethanol content (Figure 4.4c) and 
under the right mix of ethanol and water, the particles aggregated into mesospheres 
exclusively (Figure 4.4e). At high ethanol content where glucose was not fully 
solubilised while SnCl4 was completely dissolved, the local dehydration and 
carbonization of glucose and SnCl4 hydrolysis could not occur uniformly throughout, 
and a heterogeneous product consisting of carbon mesospheres loaded with SnO2 
nanoparticles, and carbon coated SnO2 nanoparticles was formed (Figure 4.4g).   
 
4.3.4. Formation Mechanism 
Based on the experimental evidence, the schematic illustration in Scheme 4.1 was 
proposed to rationalize the changes in material constitution and morphology during 
solvothermal synthesis and post-synthesis calcination. Under solvothermal conditions 
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using a solvent with the right polarity and solubilization power (obtained by adjusting 
the amounts of ethanol and water used), only carbon mesospheres loaded with SnO2 
nanoparticles were formed in the solvothermal reaction. Upon calcination in air, the 
carbon in the mesospheres was oxidized to CO2 and the SnO2 nanoparticles 
underwent annealing to higher crystallinity. The outward diffusion of CO2 generated 
a force to compress the SnO2 nanoparticles in the surface region into a shell. The shell 
continued to anneal in the process and formed a thermally stable structure. The 
mesoporous shell would still allow carbon dioxide effusion from the regions below 
the shell, but probably at a slower rate. A stable core was eventually formed by the 
compaction and annealing of SnO2 nanoparticles in the mesosphere core region due to 
the shrinking carbon core. Collectively this had led to the formation of hollow core-
shell mesospheres consisting entirely of aggregates of crystalline SnO2 nanoparticles. 
The amorphous carbon-dominant mesospheres first formed as the solvothermal 
product were instrumental in crafting the final product geometry.  





Scheme 4.1. Schematic illustration of the compositional and morphological 
evolutions in solvothermal synthesis and postsynthesis calcination in air 
 
4.3.5. Reversible Lithium Storage Properties 
The hollow core-shell mesospheres of crystalline SnO2 nanoparticle aggregates were 
evaluated as a potential anode material for the lithium ion batteries. The experimental 
values for the first cycle charge (Li+ insertion) and discharge (Li+ extraction) 
capacities were very high, at 2358 and 1303mAh/g respectively when measured at the 
current density of 50mA/g (Figure 4.5a). The exceptionally high first cycle charge 
capacity could be attributed to solid-electrolyte interphase (SEI) formation and the 
reduction of SnO2 to Sn. (Kim et al. 2005; Sun et al. 2006; Winter et al. 1999)  In 
addition the micropores in the mesosphere core and shell were also a facility for Li+ 
ion storage. The Li+ ions stored in these locations were however more difficulty to 
extract, accounting for the apparently large disparity between charge and discharge 
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capacities (Figure 4.5b). The quasi-reversible reaction between Li2O and Sn to re-
form SnO2 could be another likely source for the high discharge capacity.(Sun et al. 
2006) Both the core and shell components of the mesospheres are excepted to 
contribute to the high capacities since the core was electrochemically accessible 
through physical contact with the shell. This was especially so after conductivity was 
increased by converting semiconducting SnO2 into metallic Sn, and the alloying of Sn 
with Li to form LixSn alloys. Figures 4.5c shows the cycling performance of the SnO2 
mesospheres. Even at the rate of 100mA/g, the specific charge and discharge 
capacities at the end of 30 cycles were still comparable to the theoretical capacity of 
SnO2 (Figure 4.6). Examination of the electrode after 76 cycles indicated at least 
partial retention of the mesosphere morphology, although most of the hollow core-
shell SnO2 mesospheres had collapsed with noticeable aggregation of the Sn/SnO2 
nanoparticles (Figure 4.7). Since capacity fading was still prominent in these hollow 
core-shell mesospheres of crystalline SnO2 nanoparticle aggregates, the current 
morphological modification has rectified some, but not all of the SnO2 deficiencies in 
applications.    





Figure 4.5. (a) First cycle charging/discharging profiles. (b) Schematic showing the 
processes occurring in the first cycle of Li+ insertion and extraction. (c) Specific 
capacity vs cycle number plots of electrodes prepared from the hollow core–shell 
mesospheres of crystalline SnO2 nanoparticle aggregates. Test conditions: current 




Figure 4.6. (a) First cycle charge and discharge profiles, and (b) specific capacity vs 
cycle number plots of electrodes prepared from the hollow core-shell mesospheres of 
crystalline SnO2 nanoparticle aggregates. Test conditions: 100mA/g in the voltage 
window of 5mV – 2V. 
 
Figure 4.7. (a) Low-magnification and (b) high magnification FESEM images of the 
hollow core-shell mesospheres of crystalline SnO2 nanoparticle aggregates after 76 
cycles of charge and discharge. 
 
4.4. Summary  
 
In summary crystalline SnO2 nanoparticles were successfully assembled into a high-
order nanostructure of hollow core-shell mesospheres by a simple and 




environmentally benign procedure consisting of solvothermal synthesis and post-
synthesis calcination. Using a suitably formulated water-ethanol mixture, carbon 
mesospheres laden with crystalline SnO2 nanoparticles were formed as the sole 
product of solvothermal synthesis from tin and carbon precursors. Subsequent 
calcination compressed the SnO2 nanoparticles into hollow core-shell mesospheres. 
The carbon in the mesospheres played the constructive role of templating the final 
product morphology during the carbon removal process. This unique SnO2 
nnaostructure could store an exceedingly large amount of Li+, and cycled well for a 












Nanomaterials can be fabricated into a variety of morphological forms (e.g., 
nanospheres, nanocubes, nanoboxes, nanorods, nanotubes, nanowires, and nanobelts), 
however, reports on autonomous organization of these basic nanoscale building 
blocks into extended structures are still rare. (Ajayan et al. 2000; Huynh et al. 2002; 
Ma et al. 2003; Pan et al. 2001; Poizot et al. 2000; Sun et al. 2002; Yin et al. 2004) 
Nanopatterns are often generated using expensive, templated, or lithography 
approaches. (Li et al. 2005; Liu et al. 2005; Wang et al. 2006; Yang et al. 2006) The 
ability to form complex nanostructures from materials of different origins and with 
different geometrical attributes by self-assembly processes is more preferable and 
cost-effective, but it also presents significant challenges. 
The interest in composite nanostructured materials is driven by the possibility of 
combining different indigenous material properties in a complementary manner to 
enhance their performances for variety of applications.(Arico et al. 2005; Bashyam et 
al. 2006; Shen et al. 2004) In energy-storage applications, nanostructured composites 
of carbon and tin have been proposed as a high capacity substitute for the carbon 
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anode of lithium ion batteries. (Arico et al. 2005; Derrien et al. 2007; Guerretpiecourt 
et al. 1994; Guo et al. 2008; Idota et al. 1997; Jung et al. 2005; Lee et al. 2003; 
Tarascon et al. 2001; Winter et al. 1998; Zhang et al. 2008) The theoretical specific 
capacity of tin (992 mA h g-1) is considerably higher than that of graphite 
(350 mAh g-1 nominal), however, the high capacity is never realized in practice 
because of a pulverization-induced capacity fading that is caused by huge specific-
volume changes during the insertion and extraction of the lithium ions. It is believed 
that a carefully crafted composite of tin and carbon on the nanoscale may solve the 
poor cyclability of the tin electrodes. 
Herein we report a simple procedure to fabricate a rambutan-like tin-carbon (Sn@C) 
nanocomposite from three basic construction units: tin-containing carbon 
mesospheres, carbon nanotubes with completely or partially filled tin interiors, and 
carbon-coated pear-shaped tin nanoparticles (“nanopears”). The synthesis of the 
rambutan-like (a rambutan is a tropical fruit) carbon-tin nanocomposite is outlined in 
Scheme 5.1.  
 
5.2. Experimental Section 
 
5.2.1. Materials Synthesis and Characterization 
In a typical experiment, SnCl4 (4 mmol) and D-glucose (10 mmol) monohydrate were 
dissolved in a mixture of water (5 mL) and ethanol (30 mL). The clear solution was 
transferred to a teflon-lined autoclave and sealed. The autoclave was heated to 180 oC 
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and kept at this temperature for 24 h to form SnO2-containing carbon mesospheres. 
The solvothermally formed SnO2-containing carbon mesospheres after recovery were 
placed in a quartz combustion boat inside a tube furnace where chemical vapor 
deposition took place by using a flowing mixture of 10 % acetylene and 90 % N2 for 
4 h (200 standard cubic centimeters per minute (sccm)) at 700 oC. The samples were 
thoroughly characterized by procedures described in Section 3.2.2. 
 
5.2.2. Electrochemical Measurements 
The lithium storage properties were measured by the electrochemical methods 
described in Section 4.2.2. 
 
 
Scheme 5.1. Procedures for the fabrication of the rambutan-like Sn@C 
nanoarchitecture. 
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5.3. Results and Discussion  
5.3.1 Structure Analysis 
The rambutan-like morphology of the Sn@C nanocomposite can be seen in the field 
emission scanning electron microscope (FESEM) images taken at different 
magnifications (Figure 5.1a and b). The hair-like structure on the surface of the 
mesospheres resembles that of a tropical fruit rambutan (inset of Figure 5.1a). The 
enlarged view of the mesosphere shows that the hair-like structure is made up of 
nanorods and nanopears with roots in the surface layer (Figure 5.1b). The rambutan-
like architecture was also confirmed by low magnification scanning tunneling 
electron microscope (STEM; Figure 5.1c). The distribution of nanorods and 
nanopears was uniform across the particle surface. Based on our previous study 
discussed in Chapter 3, the product of the solvothermal synthesis are carbon 
mesospheres with embedded SnO2 nanoparticles. In the subsequent step of chemical 
vapor deposition, SnO2 nanoparticles in the carbon mesospheres were reduced to 
metallic tin nanoparticles. The hair-like structure consists of carbon tubes that are 
completely filled or partially filled with tin, and carbon-coated tin nanopears. The 
magnified view of the nanorods and nanopears on the carbon mesosphere surface 
shows a core-shell structure consisting of a shell of thin carbon layers over a core that 
is a metallic tin nanorod or tin nanopear (Figure5.1d and e). The single-crystalline 
nature of the tin core inside the carbon mantle was confirmed by the selected area 
electron diffraction (SAED) pattern (inset of Figure 5.1e), in which diffraction spots 
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confirmed the presence of crystalline tin and the very weak diffraction ring of carbon 
(002) was detected (d (002) of about 3.5 nm).  
The carbon shell of these hair-like structure was about 9 nm in thickness, 
corresponding to 25 layers of short graphene sheets aligned co-axially as shown in the 
high resolution transmission electron microscope (HRTEM) image of the wall area 
(Figure 5.2d). The d (002) spacing of the carbon walls measured from the HRTEM 
was about 0.35 nm, and is consistent with the SAED measurement. The slightly 
expanded d (002) spacing compared to that of graphite (0.34 nm) is an indication of 
low carbon crystallinity, which can facilitate diffusion of lithium ions through the 
walls of the carbon nanotubes.(Zhang et al. 2008) Furthermore, TEM images of the 
hair-like structure shows that the nanorods developed from the nanopears (Figure 5.2a 
and b).  




Figure 5.1. FESEM images of the rambutan-like nanoarchitecture at (a) low and 
(b) high magnifications. (c) STEM images of the rambutan-like nanostructure at low 
magnification, (d) magnified TEM view of the hairs showing carbon nanotubes with 
completely filled and partially filled tin interiors and carbon-coated tin nanopears. 
(e) TEM images of a nanopear, and the growth of a nanopear into a tin nanorod that is 






Figure 5.2. The evolution of carbon-encapsulated tin nanopears to carbon-
encapsulated tin nanorods based on (a) TEM and (b) STEM examinations of the hair-
like structures. The arrows in (a) show the carbon encapsulated Sn nanopear (1) and 
the growth of nanopear into carbon nanotube-encapsulated tin nanorod (2). The arrow 
in (b) shows a fully-grown CNT-encapsulated Sn nanorod (3). (c) High magnification 
TEM image of the unfilled tip of a CNT-encapsulated Sn nanorod. (d) HRTEM image 
of the wall area of the CNT-encapsulated Sn nanorod. 
 
At the temperature of 700 oC, which is required for the chemical vapor deposition 
(CVD), the net reducing environment provided by acetylene and carbon mesospheres, 
was sufficient for the reduction of SnO2 to metallic tin.(Guo et al. 2008) The presence 
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of metallic tin was confirmed by the X-ray diffraction (XRD) analysis of the Sn@C 
nanocomposite (Figure 5.3a). All the peaks in the diffractogram could be indexed to 
crystalline metallic tin according to JCPDS card No. 04-0673. No peaks attributable 
to SnO2 were observed, indicating high phase purity of the product. The sharp 
diffraction peaks also indicated good crystallinity of the tin phase. Graphitic carbon 
diffraction at about 26o was virtually undetectable, suggesting that the carbon phase 
was mainly amorphous, and the carbon nanotubes encapsulating the tin nanrods or tin 
nanopears were short graphene sheets lacking long-range order. The energy 
dispersive X-ray spectroscopy (EDX) pattern shows the exclusive presence of carbon 
and tin (Figure 5.3b). The absence of oxygen in the EDX pattern is consistent with 
XRD determination, further confirming that SnO2 had been completely reduced to 
metallic tin. The tin content in the rambutan-like Sn@C composite as estimated by 
thermogravimetric analysis (TGA) was 23 % by weight (Figure 5.4).  
 





Figure 5.4. Thermal analysis (by TGA and DTA) of the hierarchical rambutan-like 
Sn@C composite confirming the presence of metallic Sn. In the (a) TGA profile, the 
presence of an endothermic peak at ~233oC due to metallic Sn is made more visible in 
(b) DTA. The Sn content estimated from the thermal analysis was 23% wt (Note: Sn 
had been oxidized into SnO2). The analysis was taken in air using a heating rate of 
10oC min-1. The weight loss from room temperature to 200oC was due to the 
removal of physisorbed and chemisorbed water. 
 
5.3.2 Formation Mechanism 
The presence of the hair-like structures on the carbon mesosphere surface is the 
principal feature of the rambutan-like nanoarchitecture and a slightly modified “base-
growth” model may be used to rationalize its growth. As tin has relatively low 
melting point (232 oC) and high boiling point (2270 oC), the metallic tin, during the 
process of reduction from SnO2, could easily coalesce to form liquid tin droplets on 
the carbon mesosphere surface under the high reaction temperature of 700 oC. The tin 
droplets then serve as the catalyst for the decomposition of the acetylene gas and the 
deposition of carbon.(Li et al. 2007) The emergence of carbon nanotubes by the 
modified “base growth” model is shown in Scheme 5.2. Carbon that was formed 
during the decomposition of the acetylene gas was first deposited on the surface of 
the tin droplets followed by dissolution into the metallic tin. After the solubility of 
1&3D Rambutan-Like Composite  
89 
 
carbon in tin was exceeded (carbon dissolves only sparingly in tin),(Li et al. 2007) the 
carbon deposition started forming a shell surrounding the droplets of the metallic tin 
particles. Owing to the anisotropic property of the carbon shell, which tends to grow 
into tubular structures with additional supplies of carbon, the carbon encapsulating 
the tin droplet evolved into a pear-shaped structure before it was developed fully into 
the final tubular structure. The tin catalyst in this case was in the liquid state and thus 
the method is different from a typical “base-growth”.(Lin et al. 2006) Along with the 
growth of the carbon nanotubes, capillary forces would draw additional molten tin 
into the nanotubes,(Guerretpiecourt et al. 1994) filling the interiors of these 
nanotubes to different degrees, and eventually forming the tin nanorods that are 
encapsulated in a thin carbon mantle (Figure 5.1d). The metallic tin inside the carbon 
nanotubes (the carbon mantle) could be re-liquefied upon prolonged exposure to the 
electron beam, as shown by the movable boundaries detected in a series of TEM 
images taken in succession (Figure 5.5).  
 
Scheme 5.2. A modified “base growth” model for the formation of carbon 





Figure 5.5. As recorded by nearly continuous in-situ TEM imaging, under electron 
beam irradiation, the tip of the Sn nanorod could be liquefied and grew to fill the 
carbon nanotube tip (circled regions). There was also movement in the opposite end 
of the carbon nanorod (arrowed). 
 
5.3.3. Reversible Lithium Storage Properties 
The hierarchical rambutan-like Sn@C nanocomposite was tested for reversible 
lithium storage and the results of the first two cycles of charging (lithiation) and 
discharging (de-lithiation) are presented in the inset of the Figure 5.6a. The 
corresponding charge-discharge differential capacity plots are shown in Figure 5.6a. 
The two reduction peaks at 0.41 V and 0.66 V in the first cycle can be assigned to the 
alloying reaction between lithium and tin forming LixSn alloys. (Jung et al. 2005; 
Winter et al. 1999) The irreversible broad peak around 0.8 V is assigned to the 
formation of solid electrolyte interphase (SEI) on the carbon surface as a result of the 
reductive decomposition of the electrolyte, which contributes to the irreversible 
capacity loss during the first cycle.(Jung et al. 2005) The absence of irreversible 
peaks due to catalytic decomposition of the electrolyte on metallic Sn (at 1.05 V and 
1.55 V typically) indicates that Sn was not exposed to the electrolyte.(Jung et al. 2005) 
The distinctive oxidization peaks at 0.6 V, 0.72 V, and 0.78 V in the first discharge 
cycles can be assigned to the de-alloying reaction of LixSn. The unabated intensity of 
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these peaks in subsequent cycles indicates a good electrochemical reversibility of the 
tin.(Lee et al. 2003) 
 
Figure 5.6. (a) Differential charge-discharge capacity plots for the first two cycles. 
The first two cycles of galvanostatic charge and discharge curves are provided in the 
inset. (b) Cyclability of annealed carbon mesospheres, rambutan-like Sn@C 
composite, and the Sn phase in the nanocomposite. Test conditions: current density of 
100 mA g-1 in the voltage window of 5 mV-2 V. 
 
The rambutan-like tin-carbon nanocomposites electrode cycled very well, as shown in 
Figure 5.6b. Indeed after 200 cycles the capacity (311 mAh g-1) was still comparable 
to the nominal capacity of a graphite anode, although in this case the carbon phase 
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(77 %) was poorly graphitized (carbon formed during a low temperature 
carbonization process). The lithium storage properties of the poorly graphitized 
carbon matrix were determined independently to be 168 mAh g-1 in the 200th cycle 
(Note: Using annealed carbon mesospheres from the hydrothermal carbonization of 
glucose.). Subtracting the contribution of the carbon matrix in the Sn@C composite, a 
capacity of 790 mAh g-1, or circa 80 % of the theoretical value of Sn, could be 
determined for the 23wt % of encapsulated Sn on a Sn-only basis. Such impressive 
reversibility for lithium storage should make tin as a suitable material for lithium 
storage. On the other hand, the electrochemical performance of the product of 
solvothermal synthesis and annealed product without the subsequent CVD treatment 
(SnO2 and Sn/SnO2 containing carbon mesospheres) was significantly lower 
(Figure 5.7b).  
 
Figure 5.7. (a) XRD pattern of SnO2 nanoparticle loaded carbon spheres from the 
solvothermal carbonization of glucose with (black) and without (red line) annealing 
in N2; (b) Cyclability of un-annealed SnO2 nanoparticle loaded carbon spheres (red 
line) and annealed SnO2 nanoparticle loaded carbon spheres (black line). The former 
was tested at the current density of 50mA/g and the latter at 200mA/g in the 5mV-2V 
voltage window. 
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The CVD treatment was essential to the development of the rambutan-like structures, 
whose one dimensional “hair-like” structures can be potentially advantageous for 
electrical connectivity. Improvements could also arise from the encapsulation of 
metallic tin in a soft carbon phase, which worked effectively against the aggregation 
of nanosized tin. However, with a tin loading of only 23wt % in a low-graphitized 
carbon matrix, the overall capacity was relatively low. Raising the tin loading and 
improving the graphitization of carbon in the nanocomposite are our ongoing efforts.  
 
5.4. Summary 
In summary, we have fabricated a hierarchical Sn@C composite nanostructure 
consisting of tin-containing carbon mesospheres, carbon nanotubes with completely-
filled or partially-filled metallic tin interiors, and carbon encapsulated tin nanopears 
by a simple two-step procedure. The molten tin droplets present on the carbon 
mesosphere surface from SnO2 reduction under the experimental conditions were 
responsible for the formation of hair-like structures in the rarchitecture by means of a 
modified “base growth” mechanism. The improved electrochemical performance of 
tin in the nanocomposites can be attributed to the unique Sn@C structure, which 
prevents the aggregation of nanosized metallic tin and the presence of one-
dimensional carbon nanotube “hair-like” structures which may enhance the electrical 





A DOUBLE-ROUGH CHESTNUT-LIKE Sn@C COMPOSITE: 




Through millions of years of evolution, biological species have developed an 
assortment of features with amazing functionalities. For example, lotus leaves could 
let water droplets run off easily with dirt particles to preserve the cleanliness of their 
surface (the “lotus-effect”). Recent studies have revealed that such 
superhydrophobicity is due to the presence of organized double roughness (nanohairs 
on microbumps) on the leave surface.(Cheng et al. 2005; Cheng et al. 2006; Feng et 
al. 2002) The artificial creation of such hierarchical structure in current materials can 
significantly raise the functionality of the latter in applications such as self-cleaning 
buildings and dirt-resistant textiles.(Blossey 2003; Roach et al. 2008) Thus far many 
topographically modified surfaces have been used to induce superhydropohobicity. 
Some examples include rough porous polypropylene,(Erbil et al. 2003) polyaniline 
hollow spheres,(Zhu et al. 2007) rose-like V2O5(Lim et al. 2007) and carbon naotube 
forests.(Lau et al. 2003) Very few of such materials could replicate the double-rough 
structure of the lotus leaves.(Zhu et al. 2007) The biomimicry of the double-rough 




structure is nevertheless important for a better understanding of the phenomenon; and 
with which improve the performance and usability of many current materials. 
 
On the other hand compositing has been the method used by men to extend the 
functions of materials. For example, tin-carbon composites have been proposed as a 
high-capacity alternative to the common carbon anode in lithium-ion batteries. 
Nanostructuring the carbon-tin composite is however required in order to bring about 
the synergism of desirable properties (high capacity of tin and good cyclability of 
carbon).(Deng et al. 2009; Lee et al. 2003) It is also desirable to develop 
methodologies where the electrodes of lithium-ion batteries can be fabricated in as 
few numbers of steps as possible. Currently a multistep process is involved: active 
material preparation, formulation of the electrode mix (the addition of conductivity 
agent, binder and solvent to the active material to form a slurry) and slurry coating on 
the current collector. The conventional electrode preparation technique is therefore 
costly and time and labor intensive. It may also introduce deleterious effects to the 
active material during the multitude of processing steps. While there have been 
efforts to fabricate active materials as aligned nanorods directly on the current 
collector, the fabrication is based on templated methods of questionable scalability for 
volume production.(Li et al. 2000; Taberna et al. 2006)  
 
Herein we will demonstrate a simple and scalable method for fabricating a new, 
chestnut-like Sn@C nanocomposite directly on a copper foil. The nanostructured 
Sn@C composite adheres firmly to the copper surface, and has nanohairs of carbon 
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nanotube (CNT) encapsulated tin on a core of tin-carbon mesospheres of aggregated 
particles. The nanohairs on mesospheres closely mimic the double-rough structure of 
the lotus leaf surface, showing superhydrophobic properties with a water contact 
angle of 171o. At the same time, the Sn@C composite on copper foil could be used as 
the anode for lithium-ion batteries without further processing. Electrochemical 
measurements showed very impressive lithium-storage properties: a capacity of 
~600mAh/g measured at the charge/discharge rate of 100mA/g which decreased by 
only 47mAh/g when the charge/discharge rate was doubled; and substantially 
improved cyclability for a Sn based material over 40cycles. Through literature survey 
we surmise that the Sn@C composite on copper may exhibit interesting 
superconducting properties.(Jankovic et al. 2006) However we lack the facility for 
such measurements.   
 
6.2. Experimental Section 
 
6.2.1. Preparation of Mesospheres of SnO2 Nanoparticle Aggregates (the 
precursor) 
In a typical experiment, 10mmol SnCl4 was dissolved in a mixture of 15ml water and 
15ml ethanol to a colorless transparent solution. The solution was transferred to a 
Teflon-lined autoclave and thermalized at 160oC for 24h. After natural cooling to 
room temperature, SnO2 was recovered as white sediment and dried.  
 




6.2.2. Preparation of the Chestnut-like Sn@C Nanocomposites 
The white SnO2 powder from solvothermal synthesis was ultrasonically dispersed in 
ethanol or acetone, and dispensed onto a copper disk. After drying, a grayish white 
layer of SnO2 was coated on the copper disk (Figure 6.1e). The coated copper disk 
was placed in a combustion boat and heated in a tube furnace. The atmosphere was a 
flowing (at 200 sccm) mixture of 10% C2H2 and 90% N2 and the temperature of the 
tube furnace was maintained at 650oC for 3-4 hours. The furnace was then cooled 
down naturally in pure flowing nitrogen. The recovered copper disk was completely 
black in color (Figure 6.1f). The copper disk was weighed at different stages of the 
preparation. The Sn content in the final Sn@C composite estimated from these 
measurements was about 39%wt. Figure 2d is a schematic of the surface morphology 
before and after the chemical vapor deposition (CVD) treatment (vida infra). 
 
6.2.3. Material Characterizations 
The intermediate and final products were characterized by field-emission scanning 
electron microscopy and scanning transmission electron microscopy (FESEM) on a 
JEOL JSM-6700F operating at 5kV, by transmission electron microscopy, energy-
dispersive X-ray spectroscopy and selected area electron diffraction 
(TEM/EDX/SAED) on a JEOL JEM-2010F operating at 200kV, and by powder X-
ray diffraction (XRD) on a Shimadu XRD-6000 using Cu Kα radiation.  
 
6.2.4. Contact Angle and Electrochemical Measurement 
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Contact angles in water were measured by a FTA (First Ten Ångstroms, Portmouth, 
VA) 125 contact angle analyzer. The as-prepared product (chestnut-like Sn@C 
nanocomposites on copper disks) was used; without further processing, as the cathode 
of a test cell assembled with Li metal as the counter and reference electrode in an 
argon-filled (MBraun) glove box. 1 M LiPF6 in a 50:50 w/w mixture of ethylene 
carbonate (EC) and diethyl carbonate (DEC) was used as the electrolyte. The test cell 
was discharged and charged galvanostatically within the voltage window of 5mV-2V 
at different rates (e.g. 100mA/g and 200mA/g) on a Maccor series 2000 battery tester 
at room temperature.  
 
6.3. Results and Discussion 
 
6.3.1. The Precursor of Mesospheres of SnO2 Nanoparticle Aggregates 
In this study a simple solvothermal procedure was first used to produce mesospheres 
of SnO2 nanoparticle aggregates as the precursor for the hierarchically structured 
chestnut-like Sn@C nanocomposite. Specifically the SnO2 nanoparticle aggregates 
were formed by the hydrolysis of SnCl4 in a 1:1 (v/v) water-ethanol mixture under 
solvothermal conditions. The overall morphology of the SnO2 mesospheres is shown 
in the low magnification FESEM image of Figure 6.1a. The SnO2 mesospheres were 
not spherical in shape and they varied in size. However, they were all aggregates of 
small SnO2 nanoparticles resulting in a visibly rough exterior. This is most vividly 
shown in the high magnification FESEM image (Figure 6.1b). XRD was used to 
identify the composition and the crystallinity of the constituent nanoparticles (Figure 




6.1c). The majority of the diffraction peaks could be indexed to rutile (tetragonal) 
SnO2 (JCPDS Card No. 41-1445). The broadened XRD diffraction peaks are 
indicative of the smallness of the SnO2 nanoparticles. Using the Scherrer equation 
and the (101) diffraction, the crystallite size of the primary SnO2 nanoparticles was 
estimated to be ~5nm.(Deng et al. 2008) It is particularly interesting to note the 
presence of a trace amount of orthorhombic SnO2 phase (JCPDS Card No. 29-1484, 
highlighted by arrows in Figure 6.1c) with similar peak broadening. It is well known 
that rutile SnO2 is the thermodynamically more stable phase and orthorhombic SnO2 
is only found under high pressure, high temperature or specialized (e.g. pulse-laser 
deposition) conditions.(Chen et al. 2006; Dai et al. 2002; Das et al. 2008; Deng et al. 
2008; Shieh et al. 2006) The formation of orthorhombic SnO2 under the relatively 
mild solvothermal conditions is an interesting discovery worthy of further 




Figure 6.1. FESEM images of the precursor of mesospheres of SnO2 nanoparticle 
aggregates at (a) low and (b) high magnifications. (c) XRD pattern of the as-prepared 
mesospheres of SnO2 nanoparticle aggregates. Digital images of (d) the copper disk 
substrate, (e) copper disk coated with mesospheres of SnO2 nanoparticle aggregates, 
and (f) copper disk coated with the chestnut-like Sn@C composite after CVD 
treatment. (g) A schematic showing the corresponding morphological changes on the 
copper surface.  




6.3.2. The Sn@C Chestnut-Like Composite on Copper Foil 
Using the as-prepared SnO2 mesospheres of nanoparticle aggregates as the precursor, 
a complex chestnut-like Sn@C nanocomposite could be formed directly on copper. In 
essence a drop-and-dry technique was used to coat the copper foil with a thin layer of 
SnO2 particles (Figure 6.1e). Chemical vapor deposition (CVD) of carbon was then 
performed on the SnO2-coated copper disk, which turned the copper surface 
completely black (Figure 6.1f). The low magnification FESEM image (Figure 6.2a) 
shows that the CVD product was morphologically similar to its precursor (Figure 6. 
1a), having an overall slightly oblong shape. Upon closer examination (via high 
magnification FESEM, see images in Figure 6.2b&c) each of the mesosphere was 
covered by a dense forest of nanohairs of CNTs (vida infra), giving rise to the 
appearance of a chestnut (inset in Figure 6.2a). The high magnification FESEM 
image (Figure 6.2d) shows that the CNT hairs were about 100nm in length and were 
rooted in the surface of the mesosphere. XRD analysis indicated that the CVD 
treatment had successfully converted SnO2 to metallic Sn (Figure 6.2e, JPCD Card 
No. 65-0296). All the prominent diffraction peaks could be assigned to a metallic Sn 
phase. The distinctiveness of the diffraction peaks indicates that the tin phase 
encapsulated in the carbon matrix was highly crystalline. A trace amount of SnO2 
could still be detected by XRD (peaks marked by * in Figure 6.2e). No carbon peak 
was present; suggesting that carbon was either amorphous or poorly crystalline and 
most likely constituted from short range graphene layers. Independent EDX 
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measurements confirmed the majority presence of carbon and tin (Figure 6.2f). 
Copper signals from the copper grid sample holder were also detected.  
 
Figure 6.2. FESEM image of the chestnut-like Sn@C mesospheres at (a) low 
magnification. (b,c) Zoomed-in views of two representative chestnut-like 
mesospheres. (d) High magnification FESEM image of the side of a chestnut-like 
Sn@C mesosphere of (c). (e) XRD and (f) EDX patterns of the as-prepared chestnut-
like Sn@C mesospheres on copper foil.  





Figure 6.3. TEM image of the chestnut-like Sn@C mesospheres at (a) low 
magnification; (b) zoomed-in view of the side of a representative chestnut-like 
mesosphere; and (c) another view of the chestnut-like morphology. (d) High-
magnification TEM image of the side of the chestnut-like Sn@C mesosphere of (c). 
The inset in (d) shows the SAED pattern of a nanohair of carbon with encapsulated 
Sn.   
 
The chestnut-like structure of the Sn@C nanocomposite was more vividly shown by 
TEM imaging (Figure 6.3a-d). The low and high magnification TEM images (Figure 
6.3a&c) confirm that all mesospheres regardless of sizes had the same hair-like 
morphology grown out of a solid mesosphere core. A zoomed-in view of a part of the 
chestnut-like Sn@C mesosphere (Figure 6. 3d) shows that the hairs were short CNTs, 
and some of the CNTs had Sn nanoparticles encapsulated in them (Figure 6.3d). The 
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diffraction spots in the SAED pattern (inset in Figure 6.3d) suggest that the 
encapsulated tin nanoparticles were single crystalline. The weak continuous 
diffraction rings could be assigned to the polycrystalline CNTs. However, due to the 
mesoscale size of the composite core, it was difficult to fully characterize the “core” 
of the “chestnut”. From the low magnification TEM image, XRD and EDX analyses 
we estimated that the core to consist of metallic Sn dispersed in carbon with a trace 
amount of un-reduced SnO2 near the center of the core.  
 
6.3.3. Formation Mechanism 
Although the exact mechanism of formation is not fully understood at the moment, 
some hypotheses may be made based on the experimental observations and prevailing 
views in the current literature.(Deng et al. 2009; Jankovic et al. 2006) Under the 
experimental conditions, SnO2 nanoparticles were reduced to metallic Sn by the 
reducing action of acetylene.(Deng et al. 2009; Jankovic et al. 2006) As metallic Sn 
has a low melting point (232oC) and a high boiling point (2270oC), the as-reduced Sn 
was likely a liquid at the reaction temperature of 650oC. The metallic Sn was catalytic 
towards C2H2 decomposition and carbon deposition.(Deng et al. 2009; Jankovic et al. 
2006) The decomposition of acetylene and carbon deposition; and the melting of the 
reduced Sn started on the mesosphere surface, and progressed inwards with time. The 
morphology of aggregated mesospheres instead of a solid film also facilitated reactant 
diffusion in the conversion reaction. The deposition of carbon inhibited the 
coalescence of molten tin into a bulk phase. In another word, the mesoscale 




morphology of the precursor was retained and copied to the product (Fig. 1a & 2a) as 
in the case of a templated growth. In the meantime the carbon from C2H2 
decomposition deposited on the surface of Sn droplets slowly dissolved into Sn. 
When the solubility of Sn in carbon (which is low) was exceeded, carbon started to 
emerge and grow into a tubular structure because of the inherent anisotropy of carbon. 
Since all of the CNT hairs were close-ended, the formation of the CNT hairs mostly 
likely proceeded via the “base-growth” model, except that the catalyst in this case  
(Sn) was in the liquid state and highly mobile and filled up the CNT interior to 
different extents upon cooling.(Deng et al. 2009) 
 
The chestnut-like Sn@C composite mesospheres on copper foil have shown some 
rather useful functional properties. Here we will demonstrate that the integrated 
structure imparted strong superhydrophobic property, and on its own could also be 
used as a high rate, high capacity anode for the lithium-ion batteries without further 
processing. 
 
6.3.4. Lotus Effect of the Chestnut-Like Surface 
Surface rough superhydrophobic materials characterized by high water contact angles 
(θ > 150o) are useful for self-cleaning applications.(Blossey 2003; Roach et al. 2008) 
Among these materials the double-rough structure (nanohairs on microbumps) of the 
lotus leave surface is the most studied and there have been a few efforts to replicate 
these delicate structures by artificial means.(Zhang et al. 2006; Zhu et al. 2007) For 
Chapter 6 
 106
example, double-rough polyaniline hollow spheres covered with nanohairs doped 
with perfluorooctane sulfonic acid are both superhydrophobic and conductive.(Zhu et 
al. 2007) However, as an insoluble powder it is difficult to apply to a surface. As 
another example a film of TiO2 nanorods on micro-papillae demonstrated switchable 
superhydrophobicity under UV radiation.(Feng et al. 2005) In all these cases the 
double rough feature was crafted on a single component material. There is yet to have 
any report on composite materials with double rough features. In this study, the 
chestnut-like Sn@C composite mesospheres with CNT nanohairs have the 
appearance of double-roughness. The Sn@C composite adhered strongly to the 
substrate probably through the formation of a SnCu alloy (bronze) under the high 
preparation temperature. Here Sn in the composite provides two important functions: 
improving substrate compatibility and promoting the formation of CNT hairs on the 
mesosphere surface to generate double roughness for the lotus effect. The composite 
approach to solving the compatibility problem between a superhydrophobic material 
and the substrate is perhaps generic. The water contact angle of the surface-modified 
copper disk was measured. Figure 6.4a shows a drop of water on the surface. The 
contact angle from curve fitting was ~171o. The high contact angle indicates that 
water droplet was suspended on the chestnut-like double rough surface, with air 
entrapment below the droplet. The observed superhydrophobicity could be 
rationalized by the Cassie-Baxter equation (cosθ*=f1cosθ-f2, where θ* and θ are the 
contact angles with and without topographical modification respectively, f1 and f2 are 
the fractions of solid surface and air in contact with water respectively, f1 + f2 =1). In 




this case,  f2  was very large due to the double roughness at both meso- and nano-scale 
which significantly increased the air ratio.(Zhang et al. 2006) Experimentally the 
copper disk with the chestnut-like Sn@C composite mesospheres could float on water 
for weeks (Figure 6.4b). The mirror like shine in the reflection from the bottom 
(composite) face of the Cu foil in water in Figure 6.4b is an indication of air 
entrapment at the water-composite interface; a consequence of the superhydrophobic 




Figure 6.4. (a) Optical image of a water droplet resting on a copper substrate coated 
with chestnut-like Sn@C mesospheres. (b) Digital image showing that the coated 
copper substrate could float on water. (c) The first two cycles of discharge-charge 
curves of the chestnut-like Sn@C mesospheres on copper foil. (d) The corresponding 
differential capacity plots. (e) Capacity vs cycle number plots tested at 100mA/g (C/4) 
and 200mA/g (C/2) current rate in the 5mV-2V voltage window.  
 




6.3.5. Reversible Lithium Storage Properties  
The chestnut-like Sn@C composite mesospheres on copper also found applications as 
the anode of lithium-ion batteries. Here the copper substrate serves primarily as the 
current collector, and the chestnut-like Sn@C composite mesospheres are the active 
lithium storage compound. Contrary to normal practice, the coated copper disk could 
be used directly as a “processed” electrode without the need for binder, conductivity 
enhancer and solvent. Electrode preparation is therefore be greatly simplified. Testing 
was carried out by constant current discharging (lithiation) and charging (de-lithiation) 
in the 5mV-2V voltage window at different rates (e.g. 100mA/g and 200mA/g) at 
room temperature.(Deng et al. 2007) Figure 6.4c shows the first two cycles of 
discharging and charging at the 100mA/g rate. The majority of the first cycle 
irreversible capacity loss of 464mAh/g could be attributed to solid electrolyte 
interphase (SEI) formation on disordered carbon.(Deng et al. 2009; Jung et al. 2005; 
Lee et al. 2003) The corresponding differential charge-discharge capacity plot is 
shown in Figure 6.4d. The first cycle reduction peaks at 1.2V (broad) and ~0.25V 
(sharp) could be assigned to the reversible reaction between carbon and Li+ ions, and 
the two peaks at ~0.37V and ~0.6V could be assigned to the alloying reaction 
between Sn and Li forming LixSn.(Jung et al. 2005) The absence of irreversible 
metallic Sn surface reaction peaks at ~1.05 and 1.55V indicates that no metallic Sn 
was exposed to the electrolyte and all Sn was encapsulated inside the carbon 
phase.(Deng et al. 2009; Jung et al. 2005) The sharp oxidization peaks at 0.4-0.8V in 
the charging cycle could be assigned to the de-alloying reaction of LixSn, and the 
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weak broad peak at ~0.1V could be assigned to Li+ extraction from the carbon 
phase.(Jung et al. 2005; Lee et al. 2003) The complete overlap between the first two 
cycle differential charge profiles indicates that the same reaction occurred in both 
cycles, in another word, a demonstration of good electrochemical reversibility. The 
electrode cycled rather well, as shown in Figure 6.4e. The capacity of 586mAh/g at 
the 20th cycle tested at the 100mAh/g rate is significantly higher than that of common 
graphite anode at 350mAh/g. The cyclability of the as-prepared electrode is also a 
substantial improvement over electrodes prepared from Sn nanoparticles or Sn 
nanoparticles mixed with carbon.(Jung et al. 2005) Even when the charging rate was 
doubled to 200mAh/g, cyclability remained good and a capacity of 517mAh/g was 
still achievable after 40 cycles. The improved electrochemical performance could be 
attributed to the successful integration of a high capacity Li host (Sn) with a high 
cyclability Li host (carbon). The encapsulation of metallic Sn by carbon has 
circumvented the known problem of aggregation of nanosized Sn and the mechanical 
disintegration of the electrode by Sn pulverization.(Jung et al. 2005) In addition, the 
presence of CNT hairs on the mesospheres also improved the interdigitation between 
neighboring Sn@C mesospheres resulting in a more effective integration of active 
materials in the electrode.(Deng et al. 2009) 
 
6.4. Summary  
 




In summary, a solvothermal method was used to prepare mesospheres of SnO2 
nanoparticle aggregates. The dispersion of the mesospheres on a copper substrate 
followed by CVD produced a chestnut-like Sn@C composite that was firmly attached 
to the copper surface. The preparation can be easily scaled up for volume production. 
A possible formation mechanism for such interesting structure was proposed. The 
hierarchical structure is a close mimic of the double-rough structure of the lotus leaf; 
rendering the copper substrate superhydrophobic with a water contact angle as high as 
171oC. The presence of Sn in the composite was responsible for the good bonding to 
the substrate, and this approach of using a composite to improve the compatibility 
between a superhydrophobic material and the substrate may be extended to other 
systems. The Sn@C nanocomposite fabricated directly on copper could be used 
without further processing as the anode for lithium ion batteries. Very good lithium-
ion storage properties were shown including high capacity, high rate capability and 






CONCLUSIONS AND FUTURE WORK 
 
7.1. Main Conclusions  
 
Lithium ion batteries will undoubtedly continue to be the dominant power source for 
portable and mobile applications. There is however the need to increase their energy 
and power densities, especially for emerging large scale applications (e.g., electric 
vehicles, storage for the intermittent energy supply from renewable resources such as 
solar and wind). Reducing the active electrode materials to the nanoscale could 
elevate the performance of current materials to meet these demands. However, the 
synthesis of lithium-active nanostructured materials is non-trivial especially if this is 
to be accomplished by facile, simple and scalable methods with a low environmental 
footprint. This dissertation study is focused on the preparation of new,  
nanostructured materials (1D, 3D and combinations of 1D and 3D nanostructures) for 
the lithium ion battery anode. At the conclusion of this study the following new 
nanostructures have been synthesized: nanostructured carbons in the form of 1D 
nanofibers (Chapter 3), nanostructured tin dioxide (SnO2) in the form of 3D 
mesospheres  (Chapter 4), and tin-carbon nanocomposites with combined 1D and 3D 
nanoarchitectures (rambutan and chestnut-like Sn@C composites in Chapters 5 and 6 
respectively). More importantly the methods of preparation were all relatively simple, 




scalable and environmentally benign. The major findings of this thesis study include 
the following:  
 
1. The 1D carbon nanofibers (CNFs) with periodic dome-shaped interiors were 
synthesized by a simple one-step chemical vapor decomposition of acetylene 
over copper surface at atmospheric pressure. The CNFs were relatively 
impurity free and their dome-shaped interiors were regularly spaced 
throughout the CNF length. Y-junctions and forklike CNFs with the same 
periodic dome-shaped interiors were also formed as minor byproducts. The 
growth could be rationalized by a mechanism based on the autocatalytic 
deposition of 3D graphene flakes. The cyclability of these carbon nanofibers in 
reversible Li+ ion storage was reasonably, delivering a reversible capacity of 
260 mAh/g at the rate of 100 mA/g.  
 
2. 3D crystalline SnO2 nanoparticles were successfully assembled into a high-
order nanostructure of hollow core-shell mesospheres by a combination of 
solvothermal synthesis and post-synthesis calcination. Using a formulated 
water-ethanol mixture, carbon mesospheres laden with crystalline SnO2 
nanoparticles were formed as the sole product of solvothermal synthesis from 
tin and carbon precursors. Subsequent calcination compacted the SnO2 
nanoparticles into hollow core-shell mesospheres. Here the carbon in the 
mesospheres played a constructive role of templating the final product 
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morphology development during the carbon removal process. This unique 
SnO2 nanostructure could store an exceedingly large amount of Li+ ions 
(1303mAh/g of charge capacity for the first cycle) and cycled well for a phase-
pure SnO2 anode over 30 cycles of charge and discharge.   
 
3. A Sn@C nanocomposite with rambutan-like appearance was synthesized by a 
simple and scalable two-step process consisting of solvothermal synthesis and 
post synthesis chemical vapor deposition of carbon. The nanostructure was 3D 
hierarchical consisting of the following 1D and 3D nanoscale building blocks: 
3D tin-containing carbon mesospheres, 1D carbon nanotubes with completely-
filled or partially-filled metallic tin interiors, and carbon encapsulated tin 
nanopears. Carbon mesospheres with SnO2 nanoparticles were synthesized 
first by in-situ hydrolysis of SnCl4 and pyrolysis of glucose under solvothermal 
conditions. Molten tin droplets were then formed on the carbon mesosphere 
surface from SnO2 reduction under the prevailing CVD conditions. They were 
responsible for the formation of hair-like structures in the rambutan 
architecture by a modified “base growth” mechanism. The unique Sn@C 
structure improved the electrochemical performance of tin in the 
nanocomposite, delivering a capacity equivalent to 790mAh/g Sn even in the 
200th cycle. It is hypothesized that the intervening carbon phase inhibited the 
aggregation of nanosized metallic tin. On the other hand, the 1D carbon 




nanotube “hair-like” structure contributed to enhanced electrical connectivity 
and the integration of the active electrode materials. 
 
4. Another Sn@C composite with chestnut-like appearance and hierarchical 
combinations of 1D and 3D nanostructures was deposited directly on a copper 
surface with good adhesion. The fabrication method, which consisted of the 
reduction of SnO2 to metallic Sn concomitantly with the catalytic formation of 
CNTs could be easily scaled up for volume production. A plausible formation 
mechanism for such interesting structure was proposed. The hierarchical 
structure is a close mimic of the double-rough structure of the lotus leaf; 
rendering the copper substrate superhydrophobic with a water contact angle as 
high as 171oC. The presence of Sn in the composite was responsible for the 
good bonding to the substrate, and this approach of using a composite to 
improve the compatibility between a superhydrophobic material and the 
substrate may be extended to other systems. The Sn@C nanocomposite 
fabricated directly on copper could be used without further processing as the 
anode for lithium ion batteries. Very good lithium-ion storage properties were 
shown including a high capacity (at 586mAh/g, significantly higher than that 
of graphite at 372mAh/g), a high current rate performance at both C/2 and C/4 
rates and good cyclability for 40 cycles of charge and discharge.  
 




This thesis study demonstrated that 1D, 3D and combined 1D and 3D nanostructures 
could be prepared by chemical vapor deposition and solvothermal synthesis followed 
by appropriate post-synthesis treatments. Generally these procedures are facile and 
scalable. This study also showed that appropriately designed 1D and 3D 
nanostructures, and their combinations, could improve the electrochemical 
performance of tin in reversible lithium ion storage. The 2D nanostructures with flat 
morphology were however not investigated. Since the physiochemical properties of 
nanomaterials are strongly size and morphology dependent, the 2D nanomaterials 
with flat morphology and their integration with other dimensionality may provide 
additional opportunities for tuning the material performance. This, together with other 
ideas for future work, are briefly outlined below.     
 
1. 2D graphene-based anode materials for lithium ion batteries 
 
Graphene is yet another from of nanocarbon which has received much attention in 
the scientific community lately. Graphene by structure is a single layer of carbon 
(carbon atoms in a 2D honeycomb lattice). In fact, graphite is constructed by 
stacking 2D graphene sheets layer-by-layer. Recent studies have indicated many 
unusual and intriguing physical, chemical and mechanical properties of graphene. 
Due to the high quality of the sp2 carbon lattice, electrons can move ballistically in 
a graphene layer showing excellent conductivity. Graphene could therefore be used 




to formulate highly conductive composite materials. One of the applications 
suggested for graphene is reversible lithium ion storage. Its large surface-to-volume 
ratio and high conductivity are desirable features. Lithium ions could be bound not 
only on both sides of a graphene sheet, but also on the edges and the covalent sites 
of the graphene sheet. This could lead to a capacity exceeding the theoretical limit 
of graphite. Furthermore, graphene could be composited with other materials (e.g.  
tin, polyaniline and others) to form 3D nanostructured composites to provide more 
variability to material modifications.   
 
2. Sn-M/C materials for reversible lithium storage 
 
As shown in Chapter 5 and Chapter 6 of this thesis,  a prudent combination of two 
Li hosts (e.g. carbon and tin) could deliver a product that combines the best features 
of the constituents (good cyclability of carbon and high capacity of tin). In the Sn-C 
system, however, the problems of first cycle irreversible capacity loss and capacity 
fading still exist. One of the possible solutions is to introduce a third and even a 
fourth element into the Sn-C system. This is not an unusual approach in battery 
material formulation as it has been done in the development of NiMH batteries 
(witness the use of mische metal today versus LaNi5 initially). In fact, Sony has 
recently announced a new generation of lithium ion batteries, tradenamed Nexelion, 
which is based on an undisclosed Sn–Co–C system. The exact composition of this 
system is not released to the public. Hence, one of the future works based on an 
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extension of this study would be the nanostructuring of the Sn-M-C system (where 
M could be Sb, Si, Ge, Co, Al, Fe, and etc). The selection of M is critical and the  
exact role M in lithium-ion storage should be carefully studied. Experimentally the 
electrochemical reactions in the presence of M could be studied through in-situ and 
ex-situ characterizations of the electrodes and performance evaluation.   
 
3. Solving the first cycle irreversible capacity loss problem 
 
Nanostructured materials have many advantages such as greater accessibility of the 
Li-active materials, electrode stability and cyclability. At the same time, 
nanostructured materials with large surface areas could also cause significant 
undesirable surface reactions, such as solid electrolyte interphase (SEI) formation 
due to the decomposition of electrolyte and solvent on the electrode surface. The 
formation of SEI is the principal cause for irreversible capacity loss in the first few 
cycles of use. Since SEI formation scales with surface area, the irreversible capacity 
loss in nanostructured anode materials could be substantial enough that they could 
not be used in full cell construction. This is because the irreversible capacity loss, in 
the form of irreversibly consumed Li ions, has to be compensated by the presence 
of a large excess of the cathode material, which usually has a low capacity and is 
more expensive. The rectification of the SEI issue is critical to the acceptance of 
high capacity, nanostructured anode materials. At present, the nature of the SEI 
film and  formation mechanism, other than those of carbon, are poorly understood. 




A better understanding of SEI formation on high capacity materials such as Sn and 
Si is however indispensable to the rational development of abatement methods. 
This has to be one of the most important research directions for nanostructured 
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The discovery of CNTs has stimulated strong interest in other 1-D nanomaterials, 
including those of metals, metal oxides, semiconductors, and their composites.1-13 
These 1-D nanomaterials possess unique properties that can be explored for 
technological advances in optoelectronics,4 energy storage,10 sensor development,11 
catalysis,12 and surface modification.8, 9, 13 While the extensively studied CNTs can 
now be fabricated as single-wall and multiwall variants or in other more complex 1-D 
morphologies,7, 14-17 the synthesis of other non-carbon-based 1-D nanomaterials is still 
in infancy. There is also increasing interest in synthesizing nanocomposites of CNTs 
and metals or metal oxides to take advantage of the benefits of combined material 
properties.3, 18 Among the non-carbon 1-D nanomaterials, metal oxide nanotubes have 
drawn the most attention.19 These metal oxide nanotubes are generally produced by 
laborious template-assisted methods. Most of the nanotubes produced are straight 
because of the limited variety of template geometry. In addition, there is also 







Aligning 1-D nanomaterials with the desired curvature and composition into well-
ordered, oriented nanostructures on a surface can be a design requirement for 
advanced applications, such as fabrication of nanodevices.13, 16, 20, 21 At the micro level, 
the integration of 1-D nanomaterials into devices must allow the special properties of 
individual 1-D nanomaterial to be easily accessible to deliver efficiency and 
performance in applications.20 An appropriately aligned nanostructure may also 
generate interesting properties at the macro level, such as roughness-enhanced 
superhydrophobicity of the lotus leaf and gecko foot surfaces.8, 9, 13, 22 The alignment 
of 1-D nanomaterials is currently limited to nanostructures with one end attached to 
the substrate and the other end free-standing.8, 9, 16 There is no report on the 
fabrication of aligned 1-D nanomaterials with curvature where both ends are affixed 
to the substrate. The arch-like architecture may provide new opportunities for 
application exploration. 
 
We report here, for the first time, the fabrication of a family of aligned 1-D C-curved 
nanoarches of (1) single-crystalline Sn nanorods encapsulated in CNTs (a potential 
superconductor 3), (2) carbon nanotubes (a conductor 23), and (3) SnO2 nanotubes (a 
semiconductor) on Si wafers by a simple and scalable method. Here the term 
“aligned” is used to refer to some apparent order in the orientation and distribution of 
the C-curved nanoarches on the Si wafer surface.24, 25 These aligned 1-D 
nanomaterials may be used to provide elasticity and three-dimensional connectivity at 
the micro level or as the template for the fabrication of aligned nanoarches of other 
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materials. At the macro level, the ordered assembly of aligned 1-D C-curved 
nanoarches over an extended surface can lead to substantial modification of the 
surface properties of the substrate, for example, the wettability of Si wafer, which 
depends strongly on the chemical and topographical properties of the surface.13, 22 
Figure 1 is the process flow of the preparation method. 
 
 
Figure A1. Schematic of experimental procedures showing the changes in 
morphology and material composition in each step. 
 
A1.2. Experimental Section 
 






The SnO2 nanoparticle precursor was prepared according to our previous procedure.30 
In a typical experiment, 4 mmol SnCl4 and 10 mmol d-glucose monohydrate were 
dissolved in 35 mL of pure water. The clear mixture was transferred to a Teflon-lined 
autoclave and heated at 180 °C for 24 h to form SnO2 nanoparticles dispersed in 
amorphous carbon. The SnO2 nanoparticles were recovered by calcination in air to 
burn off the carbon.  
 
A1.2.2. Preparation of Aligned 1-D C-Curved Nanoarches of CNT Encapsulating 
Crystalline Sn Nanorods  
The SnO2 nanoparticles were ultrasonically dispersed in acetone. The dispersion was 
dispensed onto a silicon wafer surface, and acetone was removed by evaporation. The 
SnO2 nanoparticle loaded wafer was placed inside a tubular furnace for chemical 
vapor deposition (CVD) of CNTs. The CVD conditions were 650 °C using a mixture 
of 10% C2H2 in N2 at 200 sccm for 3 h. The wafer was cooled to room temperature in 
flowing N2 after the reaction. 
 
A1.2.3. Preparation of Aligned 1-D C-Curved Nanoarches of SnO2 Nanotubes  
The aligned 1-D C-curved Sn@CNT nanoarches were calcined in air at 550 °C to 
completely remove the CNT shells and at the same time oxidized in situ the molten 
metallic Sn cores to SnO2 nanotubes. 
 
A1.2.4. Preparation of Aligned 1-D C-Curved Nanoarches of Carbon Nanotubes  
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In this case, the aligned 1-D C-curved Sn@CNT nanoarches on the wafer were 
treated in 2 M HCl acid to etch away the metallic Sn core overnight. 
 
A1.2.5. Material Characterizations and Contact Angle Measurement  
The family of 1-D C-curved nanoarches was characterized by field emission scanning 
electron microscopy (FESEM) on a JEOL JSM-6700F operating at 5 kV, by 
transmission electron microscopy and selected area electron diffraction (TEM/SAED) 
on a JEOL JEM-2010F operating at 200 kV, and by X-ray photoemission 
spectroscopy on a KRATOS AXIS Hsi with Al Kα radiation. Contact angle 
measurements made use of a First Ten Ångstroms FTA125 contact angle analyzer 
followed by curve fitting of the optical images obtained. 
 
A1.3. Aligned 1-D C-Curved Nanoarches of CNT with Encapsulated Crystalline 
Sn Nanorods  
 
The FESEM images of aligned 1-D Sn in CNT (Sn@C) C-curved nanoarches on Si 
wafer are shown in Figure 2a−c at different magnifications and in different 
perspectives. The low magnification FESEM top view (Figure 2a) shows the 
proliferation and nearly uniform coverage of the nanoarches on the Si surface, at a 
density of about 6.2 × 1011/m2. The low magnification FESEM side views (insets of 
Figure 2a and Figure 2b) demonstrate most vividly the semicircular 1-D arch-like 






forming an arch-like turned letter C with a height of 500 nm and a width of 500 nm. 
In the side view of a few aligned 1-D C-curved nanoarches (Figure 2c), the difference 
in contrast between the core and surface regions of the nanoarches confirms the 
coaxial rod-in-tube heterostructure. It also shows that the two ends of the nanotubes 
are solidly attached to the Si surface. It was found that 20 min of ultrasonication in 
hexane for the TEM sample preparation would not dislodge the aligned C-curved 
composite nanostructure from the wafer. The rod-in-tube nanostructure is more 
clearly shown in the TEM image of Figure 2d. The inset of Figure 2d also shows a C-
curved CNT nanoarch with a partially filled metallic Sn interior. The symmetric 
diffraction spots in the SAED pattern of the nanoarches (inset of Figure 2d) could all 
be indexed to single-crystalline Sn, and hence the Sn nanorod core is single-
crystalline. The weak diffraction rings could be attributed to the {002}C planes of the 
polycrystalline CNT shell. The nanocomposite structure was further confirmed by 
HRTEM lattice imaging (Figure 2e). The measured fringe spacing of the dark core is 
0.29 nm and agrees well with the {200}Sn set of planes, corroborating that the 
metallic Sn nanorod is inside the CNT and single-crystalline. The lighter color carbon 
shell is about 8 nm thick, and the measured fringe spacing of 0.35 nm (corresponding 
to the {002}C d spacing) also verifies the formation of a CNT shell. The lack of 
extended graphene sheets in the CNTs, the curvature in the graphene sheets, and the 
slightly expanded {002}C d spacing (0.34 nm for graphite) suggest a low degree of 
graphitization. For low-graphitized CNTs, there should be significant defects with a 
large number of pentagonal and heptagonal rings besides the usual hexagonal rings in 
Chapter A1 
 138
the carbon nanostructure.14 The nanoarches were also analyzed by Sn3d XPS (Figure 
2f). Compared to the precursor SnO2 nanoparticles, the strong and distinctively sharp 
Sn0 peaks indicate the reduction of SnO2 to metallic Sn. The reduction was, however, 
incomplete, as can be seen from the remnant presence of oxidized Sn in the XPS 
spectrum. XPS analysis also confirmed the presence of carbon nanotubes with sp2 








Figure A2. Aligned 1-D C-curved nanoarches of CNT encapsulating crystalline tin 
nanorods. FESEM images at low magnification top view (a) and side view (inset of a). 
High magnification side views (b,c). TEM images (d, and the inset in d) and SAED 
pattern (inset in d). HRTEM image of the side of a C-curved carbon nanotube 
encapsulating crystalline tin nanorod (e). XPS Sn3d spectrum (f). Optical image of a 
water droplet on the Si wafer with surface modification by C-curved CNT 




The formation of these unique aligned C-curved Sn@C nanoarches could be 
rationalized as follows: Under the experimental conditions, SnO2 nanoparticles were 
converted to metallic Sn by the reducing action of acetylene.3 As metallic Sn has a 
low melting point (232 °C) and a high boiling point (2270 °C), liquid Sn droplets 
were formed on the Si surface at the reaction temperature of 650 °C. The Sn droplets 
are catalytic to carbon deposition from C2H2 decomposition.2 The carbon deposit 
would dissolve into Sn initially. However, the solubility of carbon in Sn is limited, 
and carbon in excess of its solubility limit in Sn would emerge from the surface and 
start to bud into a tubular structure (due to the intrinsic anisotropic character of 
carbon).3 The continuous supply of carbon sustained the CNT growth. The growth 
was propagated by the formation and concomitant insertion of pentagonal and 
heptagonal rings in addition to the hexagonal rings. The addition of carbon with 
different ring structures to the graphene sheets would result in curvature in the 
growing nanostructure as an attempt to lower the energy of the structure.7 Along with 
the growth of CNTs, capillary forces would draw molten Sn on the Si surface into the 
nanotubes, filling their interior to different degrees. The Sn-filled CNT with the 
additional weight load introduced by metallic Sn could vacillate in a flowing gas. 
Once the free end of the CNT made a second contact with the wafer surface and 
adsorbed there, a complete C-curved nanoarch was formed.  
 
As an example of one of the potential applications at the macro level, the wettability 






crystalline Sn nanorod cores was measured. Compared to the untreated Si wafer 
(Figure 2h), Si wettability underwent substantial changes from hydrophilic (contact 
angle of 71°) to superhydrophobic (contact angle of 151°) after the deposition of 
nanoarches (Figure 2g). The increase in hydrophobicity was caused by the ordered 
roughness and enhanced by the entrapment of air underneath the C-curved 
nanoarches. For a macroscopic water droplet on the modified wafer, the nanoarches 
provide numerous nanoscale air bubbles under it and reduce the contact of the water 
droplet with the Si wafer. As air is completely hydrophobic (180°), surface-
roughness-induced entrapment of air could lead to superhydrophobicity. The 
phenomenon could also be understood in terms of the Cassie−Baxter equation (cos 
θrough = f1 cos θ − f2, where θrough and θ are the contact angles of the rough and flat 
surfaces, respectively; f1 is the fraction of the solid/water interface, and f2 is the 
fraction of the air/water interface, f1 + f2 = 1). A rough surface introduces more air 
entrapment; f2 would increase, and a larger contact angle (i.e., hydrophobicity) 
results.26 In all of the reported superhydrophobic surfaces of 1-D nanostructured 
materials, air is trapped in the space between neighboring solid nanostructures.8, 9, 13 
In the current case, however, there is also an air pocket below the arch-like 
nanoarchitecture. The situation may be likened to a nanoumbrella with microscopic 
air bubbles underneath the shade cover. This is a new mode of wettability 
modification that has not been observed before and warrants further investigations.22 
 
A1.4. Aligned 1-D C-Curved Nanoarches of SnO2 Nanotubes  
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The aligned 1-D C-curved Sn@C nanoarches could be used to derive aligned 1-D C-
curved nanoarches of SnO2 nanotubes and CNTs easily (Figure 1). Aligned 1-D C-
curved nanoarches of SnO2 nanotubes were obtained from the Sn@CNT precursor by 
calcination in air. The low magnification FESEM image (Figure 3a) shows the 
conservation of precursor geometry, without much change in the uniformity and 
surface density of nanoarch distribution on the wafer surface. The inset of Figure 3a 
shows the side view of a nanoarch of the SnO2 nanotube with two ends attached to the 
Si wafer surface, which was templated from an arch precursor of CNT fully filled 
with a metallic Sn rod. A higher magnification FESEM image (Figure 3b) shows that 
the nanotube surface is corrugated and the diameter is not uniform throughout. Figure 
3b also shows a product templated from an arch precursor of CNT partially filled with 
Sn. Here, one end of the SnO2 nanotube is attached to the wafer surface, while the 
other end is open. The open end offers an opportunity to examine the tubular structure 
more closely. The formation of C-curved SnO2 nanotubes was further confirmed by 
the TEM imaging (Figure 3c and inset), which showed a brighter core area 
throughout the curved structure and a rugged surface texture. The SAED pattern 
(Figure 3d) shows continuous diffraction rings that match well with polycrystalline 








Figure A3. Aligned 1-D C-curved nanoarches of SnO2 nanotubes. FESEM image at 
low magnification side view (a) and a typical nanoarch with its two ends attached to 
the wafer surface (inset). Another representative nanoarch of SnO2 nanotube with the 
arrow showing the tubular structure (b). TEM image of a representative C-curved 
nanoarch of the SnO2 nanotube (c) and a section of the nanoarch showing the tubular 
structure more clearly (inset). SAED pattern (d). TEM of a section of the arch-like 
SnO2 nanotube showing an interesting tongue-in-mouth structure (e). XPS Sn3d 
spectrum (f). Optical image of a water droplet on the Si wafer with surface 




The formation of SnO2 nanotubes (instead of SnO2 nanorods) could be rationalized as 
follows: During calcination in air, the polycrystalline CNTs were oxidized at 
temperatures much higher than the melting point of metallic Sn (>400 °C).27, 28 
Unlike the slow oxidization of pristine Sn nanoparticles to SnO2 nanoparticles at low 
temperatures (225 °C), which forms only solid structures,29 the preoxidation of the 
carbon shell at high temperatures in our case provided the conditions for melting Sn 
and the outward diffusion of molten Sn through the CNT. The diffused Sn was 
subsequently oxidized to SnO2 once it was exposed to O2, forming a tubular shell 
structure. During this process, CNTs played the role of an active template to promote 
the formation of SnO2 nanotubes. Indeed, in some cases after the removal of the 
carbon shell when there was still molten Sn inside the SnO2 nanotube, the molten tin 
would flow to the open end of the tube and was oxidized there to SnO2, forming a 
tongue-in-mouth nanorod-in-nanotube structure (Figure 3e). In general, this in situ 
oxidization method for the fabrication of SnO2 nanotubes should also be applicable to 
forming oxide nanotubes of other low melting point metals and alloys (e.g., Pb, SnPb). 
While SnO2 is generally considered as hydrophilic, the assembly of SnO2 with the 
unique aligned C-curved geometry still imparted strongly hydrophobic character to 
the Si surface. The measured contact angle was 123° (Figure 3f). This implies that 
wettability in this case is strongly influenced by surface roughness or large f2. 
 







Aligned 1-D C-curved nanoarches of CNTs were obtained from the Sn@CNT 
precursor by acid etching. The ease at which the nanoarches could be hollowed by 
treatment in dilute acid also confirms the core−shell structure and the presence of an 
acid-etchable core of metallic Sn. The low magnification FESEM images (Figure 4a) 
show that the aligned 1-D C-curved CNT nanoarches are again morphologically 
identical to their Sn@CNT precursor. Contrary to the Sn@CNT precursor, there is no 
more darkened core to contrast with the shell area because of the removal of the 
electron dense Sn interior (Figure 4b). This is confirmed by the TEM image of Figure 
4d, which shows a translucent shell with trace Sn nanoparticles on the inside of the 
shell. The nanoarches prepared here are noticeably different from the arched carbon 
fibers reported in a previous publication,21 which are orders of magnitude larger 
(1−10 µm in diameter and hundreds of micrometers in length), less ordered, and more 
U-shaped than C-curved. The wettability of the Si wafer decorated with C-curved 
CNTs was also measured (Figure 4c). A contact angle of about 115° was obtained. 
The contact angle change despite the conservation of the arch-like geometry could be 
the result of the acid treatment which rendered the nanoarches more hydrophilic 
through the introduction of surface C−O and C−H groups. The hydrophilicity of these 
groups negates the nanoscale roughness effect to some extent, resulting in the 





Figure A4. Aligned 1-D C-curved nanoarches of CNTs. FESEM images of side 
views at low (a) and high (b) magnifications. TEM image of a representative C-
curved CNT nanoarch (d). Optical image of a water droplet on the Si wafer surface 
modified by C-curved CNT nanoarches (c). Conceptual sketches showing the ability 
of C-curved nanoarches to form 3-D and elastic connections (f,g) which may be 
preferred over a straight connection (e) in some cases. FESEM image of a few 1-D C-
curved nanoarches of CNT encapsulating crystalline tin nanorods across a step in the 






Although not studied here, this family of unique aligned 1-D C-curved nanoarches of 
Sn@CNTs, CNTs, or SnO2 nanotubes on a Si wafer may also generate useful 
integrative properties for applications at the micro level. It is anticipated that, in the 
design of nanodevices, there may be a need to align 1-D nanostructures of the desired 
curvature and composition on a substrate to provide efficient transport of electrons or 
for optical and thermal excitations.7, 18-20, 23 This study demonstrates one example of 
the enabling methodology. The family of C-curved nanoarches shown here can also 
provide 3-D connectivity, which may be more advantageous than linear 1-D 
connectivity in certain cases (see the conceptual drawings in Figure 4e vs panels f and 
g and experimentally observed 3-D connectivity in Figure 4h). Such 3-D connections 
may eventually find applications in the construction of nanoscale sensors, transducers, 
and transponders. 
A1. 6. Summary 
 
In summary, we have successfully fabricated a family of aligned one-dimensional C-
curved nanoarches of different compositions on Si surfaces by a simple and scalable 
method for the first time. The nanoarches are actually nanotubes with their 
extremities firmly attached to the Si surface, thereby forming a turned letter C. We 
have also developed a new methodology for synthesizing SnO2 nanotubes using in 
situ formed CNTs as the active template. A mechanism of formation was proposed, 
and the use of these nanoarches to modify Si surface wettability was investigated. The 
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fabrication method is generic and could, in principle, be applied to the preparation of 
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